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ABSTRACT

EFFECT OF DIFFERENT THERMOGENIC STATES ON SELECTED
DETERMINANTS OF THYROID HORMONE ACTION

By
Frank Bradley Hillgartner

Obese (ob/ob) mice and low protein-fed rats exhibit impaired and
enhanced adaptive thermogenesis, respectively, relative to corresponding
controls that may be mediated, in part, by changes in thyroid hormone
action at the level of the nuclear 3,3',5-triiodothyronine (T3)
receptor or the peripheral conversion of thyroxine (T4) to metabolically
active T3. To investigate this possibility, microsomal iodothyronine
5'-deiodinase activity, nuclear T3 receptor concentration and affinity
and endogenous T3 content associated with the nuclear receptor were
measured in lean and obese mice. Only iodothyronine 5'-deiodination
was examined in low protein-fed rats.

Kinetic analysis of hepatic and renal iodothyronine 5'-deiodinase
revealed that maximal enzyme activity was lower in obese mice as early
as 1-2 wks of age relative to corresponding lean mice while the Km of
the enzyme was similar in both phenotypes. The above finding suggests
that T3 availability to thermogenic target tissues may be impaired in
obese mice. Scatchard analysis showed that the maximal binding capacity
(Bmax) and equilibrium dissociation constant (Kd) of solubilized
nuclear T3 receptors prepared from liver were similar in both 4 and
8-10 wk-o01d lean and obese mice, indicating that reduced thyroid
hormone action in the latter phenotype was not caused by alterations

in nuclear T4 receptor concentration or affinity. In contrast, the



Frank Bradley Hillgartner
concentration of hepatic endogenous T3 associated with the specific
nuclear receptor was 13 and 26% lower in 4 and 8-10 wk-old obese
mice, respectively. These data correlate with reported changes in
hepatic thyroid hormone-sensitive enzymes in obese mice, consistent
with a diminished nuclear T3 signal initiating thyroid hormone action.
Decreased endogenous nuclear T3 concentration may be caused by the
reduction in iodothyronine 5'-deiodination. Alternately, lowered
endogenous nuclear T3 content may result from reduced transport of T3
from the plasma to the nuclear compartment.

Maximal (hepatic+renal) iodothyronine 5'-deiodination per 100 g
body weight was inversely related to enhanced adaptive heat production
in low protein (5% casein)-fed rats. However, a causal relationship
between the above parameters is unlikely since similar alterations in
maximal 5'-deiodinase activity were observed in 8% casein-fed rats
which failed to exhibit changes in adaptive thermogenesis. Hence,
control points regulating thyroid hormone action other than peripheral
jodothyronine 5'-deiodination may mediate elevated adaptive heat

production in rats fed a Tow protein diet.
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REVIEW OF LITERATURE



Cold- and diet-induced thermogenesis are defective in obese (ob/ob)
mice. Regarding the former process, several studies have shown that
the stimulation of heat production resulting from acute cold exposure
is severely impaired in obese mice (63). As a result, these animals
are unable to survive prolonged periods of cold exposure at 4°C.
Focusing on the latter process, it has been reported that the thermogenic
response to feeding a highly palatable "cafeteria" diet is reduced in
obese mice compared to their lean counterparts (65). It has been
postulated that alterations in the above thermogenic mechanisms may at
least be partly responsible for the increased energy efficiency in
obese mice. This hypothesis is consistent with the findings that
maintenance energy requirements are lower in obese mice than in lean
mice housed at 33°C (37). Furthermore, the maintenance energy require-
ment of obese mice remains unchanged as environmental temperature is
Towered from 33°C (thermoneutrality) to 25°C-30°C, while in lean mice
the maintenance energy requirement is significantly increased by 35
percent (69). The obese mouse has been employed as an experimental
model in the study of human obesity since both syndromes share
numerous physiological characteristics (7). This animal model may
also have utility in more basic studies examining the hormonal
regulation of heat production during conditions of impaired thermo-
genesis.

In contrast to the obese mouse, another experimental model has
been developed for the study of thermogenesis during conditions when
heat production is enhanced. It has been shown that feeding a low

protein diet to either weanling or adult Sprague-Dawley rats results



in increased energy expenditure and reduced energy efficiency (50,62).
In general, rats fed a low protein diet will maintain a normal or
slightly elevated energy intake (expressed per 100 g body weight) but
will gain significantly less body energy than animals fed an adequate
protein diet. Feeding animals a variety of palatable foods (cafeteria
feeding) has also been shown to stimulate thermogenesis (52).

However, the latter feeding procedure has a disadvantage in that
dietary composition cannot be strictly controlled. This problem is
circumvented by the low protein feeding regimen since semi-purified
diets of defined nutrient composition are employed.

Adaptive thermogenesis induced by either cold exposure or diet
appears to be regulated by a number of factors. The sympathetic
nervous system is thought to play a prominent role in initiating and
maintaining cold- and diet-induced thermogenesis (51). Thyroid
hormones also appear to be required for thermogenesis and probably act
in concert with the sympathetic nervous system. Evidence that thyroid
hormones are necessary for cold-induced thermogenesis is provided by
studies with thyroidectomized rats which reveal that these animals are
unable to increase metabolic rate in response to cold exposure and
hence exhibit poor cold tolerance (55). In addition, thermogenic
response to norepinephrine administration, commonly used as an index
of the maximal capacity of cold-induced thermogenesis, is greatly
diminished in thyroidectomized animals (61). Both cold- and
catecholamine-induced thermogenesis can be fully restored by thyroid
hormone replacement. Regarding the role of thyroid hormones in

regulating diet-induced thermogenesis, several studies with lean rats



have shown that increased heat production resulting from feeding either
a "cafeteria" or low protein diet is associated with a marked elevation
in serum 3,3',5-triiodothyronine (T3) concentration (67). In obese
rats, which have an impaired thermogenic response to diet, the rise in
serum T3 is absent (79). It has been suggested that the elevation in
serum T concentration may be important in the development of diet-
induced thermogenesis (67).

The above findings raise the possibility that altered thyroid
hormone action may be responsible, at least in part, for changes in
cold- and diet-induced thermogenesis. In support of this hypothesis,
several biochemical processes which have been proposed as mechanisms for
adaptive heat production have been shown to be sensitive to thyroid
status. They include Na+, K*-ATPase activity (36), protein turnover
(15,48), futile cycling in carbohydrate metabolism (23,25), mito-
chondrial a-glycerolphosphate shuttle activity (68), and proton
conductance pathway activity in brown adipose tissue (66). Obese mice
exhibit reductions in Na+,K+-ATPase (36), a-glycerolphosphate
dehydrogenase (26,47) and proton conductance pathway activity (22)
indicating impaired thyroid hormone expression. Conversely, Tow
protein-fed rats exhibit elevations in a-glycerolphosphate dehydro-
genase and proton conductance pathway activity (50) suggesting enhanced
thyroid hormone action.

The expression of thyroid hormone action at the cellular level
appears to be initiated by the interaction of Tq with specific low
capacity, high affinity receptors in the nucleus (43). These receptors

have been isolated in the non histone protein fraction and shown to be



present in a variety of thyroid hormone-sensitive tissues. T3 is
considered the main metabolically active substance since approximately
85 percent of the nuclear bound iodothyronine in liver and kidney has
been estimated to be T; and the remaining 15 percent thyroxine (Tq).

A positive relationship has been demonstrated between nuclear T3
receptor occupancy in vivo and induction of thyroid hormone responsive
enzymes, indicating that the latter process may play a role in regu-
lating thyroid hormone action (44,60). Currently, there are no data
available for nuclear T3 receptor occupancy in either lean or obese
mice or animals fed a low protein diet.

There is evidence that thyroid hormone expression may also be
influenced by nuclear T3 receptor concentrations. For example,
starvation has been shown to reduce maximal nuclear T, binding capacity
in rat liver which is associated with an impaired induction of hepatic
malic enzyme by T3 administration (13). Guernsey and Morishige (19)
have reported that nuclear T3 receptor concentrations are also lower
in liver and lung of obese mice than in lean mice. However, the above
study did not account for leaching of T3 receptors from chromatin
during the incubation procedure. The extent of leaching may have
varied in lean and obese mice and therefore may have introduced
significant error in estimating phenotypic differences in nuclear T3
receptor concentration. In addition, the age of the animals was not
reported. It would be of interest to know how early in the obese
syndrome changes in nuclear T, receptor concentration occur. More
detailed studies employing improved methodology are clearly needed to

confirm the above findings. Recent studies employing solubilized T3



receptors from liver revealed that neither nuclear T3 receptor concen-
tration nor receptor binding affinity was affected by low protein
feeding in weanling rats (59). Since extraction of T3 receptors from
chromatin may have varied in different dietary groups, the above
findings await confirmation by T3 binding studies in which efficiency
of extraction of the nuclear T3 receptor is taken into account.

Another control point which may regulate thyroid hormone action
is extrathyroidal 5'-monodeiodination of Ty to T3. Approximately
80 percent of the circulating Ty is derived from intracellular 5'-
monodeiodination of T, in the peripheral tissues (32). This reaction,
which is catalyzed by the enzyme T4 5'-deiodinase, may be of regulatory
importance in whole animal energy metabolism since the activity of this
enzyme can influence intracellular and circulating T3 concentrations and
hence, the level of nuclear T3 receptor occupancy in target tissues
mediating adaptive thermogenesis. Although the quantitative contribu-
tion of various tissues to T3 production from T4 in vivo is unknown,
T4 5'-deiodinase specific activity assayed in vitro is greatest in
liver and kidney (10). This microsomal enzyme has an apparent
Michaelis constant (Km) of ~5-10 uM for Ty» is activated by thiols in
a two-step transfer (ping-pong) mechanism, is inhibited by propyl-
thiouracil and can use reverse T3 (3,3',5'-triiodothyronine, rT3) as
an alternate substrate (Km~0.5uM) (72). To date, very little is
known regarding T, 5'-deiodination during conditions of altered
adaptive thermogenesis. Information on iodothyronine metabolism in
lean and obese mice is completely lacking.

Recently, Smallridge et al. (59) have reported that hepatic and

renal 5'-deiodinase activities were not altered by feeding a Tow



protein diet to rats even though plasma T3 concentrations were
markedly elevated in these animals. The above enzyme assays were
performed with tissue homogenates in which significant non-specific
substrate binding to non-enzyme protein occurs. Under such conditions,
no relationship between protein concentration in the homogenate enzyme
preparation and enzyme activity can be demonstrated. Therefore, the
specific activity of 5'-deiodinase will vary depending on the protein
content of the homogenate. Measuring enzyme activity under these
conditions is invalid and may lead to spurious results when making
comparisons between treatment groups. Studies incorporating improved
methodology are needed to determine the effects of low protein feedina
on 5'-deiodination.

The purpose of the following studies was to examine whether
alterations in thyroid hormone action during conditions of impaired or
enhanced thermogenesis are mediated by changes in either nuclear T3
receptor occupancy, nuclear T3 receptor concentration, peripheral
jodothyronine metabolism or combination of the above. To study the
regulation of thyroid hormone action during conditions of enhanced
thermogenesis, comparisons were made between rats fed low protein or
adequate protein diets. During conditions of impaired thermogenesis,

comparisons were made between lean and obese (ob/ob) mice.



REGULATION OF IODOTHYRONINE 5°'-DEIODINATION

IN LEAN AND OBESE (Ob/Ob) MICE



Introduction

Obese (ob/ob) mice exhibit increased energy efficiency relative to
their lean counterparts which may be attributed to a defect in non-
shivering thermogenesis (63,64) and diet-induced thermogenesis (65).
Recently, work has focused on the regulatory role of the sympathetic
nervous system in mediating reduced adaptive thermogenesis in obese
mice. This has lead to the proposal that sympathetic activation of
the proton conductance pathway in brown adipose tissue is markedly
impaired in obese mice (31). There is also evidence that thyroid
hormones may play a role in mediating reduced energy expenditure in
obese mice. For example, thyroid hormones are necessary for the
expression of non-shivering thermogenesis since thyroidectomized rats
exhibit poor cold tolerance (55), a condition also observed in obese
mice (63). Thermogenic response to norepinephrine administration,
commonly used as an index of maximal capacity of non-shivering thermo-
genesis, is also greatly diminished in both thyroidectomized rats
(61) and obese mice (64). Furthermore, stimulation of thermogenesis
by feeding a low protein diet is associated with an elevation in
serum 3,3',5-triiodothyronine (T3) concentration in lean rats (77);
whereas, in genetically obese rats, which have an impaired thermogenic
response to diet, the rise in serum T3 is absent (79). Finally,
several biochemical processes which have been proposed as mechanisms
for reduced heat production in obese mice are sensitive to thyroid
status. They include Na+,K+ATPase activity (36), protein turnover
(15,48) futile cycling in carbohydrate metabolism (23) and proton

conductance pathway activity in brown adipose tissue (66).



Extrathyroidal 5'-monodeiodination of thyroxine (T4) to the
metabolically active form T3 has been identified as one of several
control points regulating thyroid hormone action (32). Approximately
80% of the circulating T3 is derived from intracellular 5'-mono-
deiodination of T4 in peripheral tissues. This reaction, which is
catalyzed by T4 5'-deiodinase, may be of regulatory importance in
whole animal energy metabolism since it influences intracellular and
circulating T4 concentrations and hence, the level of T3 nuclear
occupancy in target tissues mediating thermogenesis. The quantita-
tive contribution of various tissues to T3 production from T4 in vivo
is unknown, but T, 5'-deiodinase activity assayed in vitro is greatest
in liver and kidney (10).

In both liver and kidney, T4 5'-deiodinase is isolated in the
microsomal fraction (14,33) and requires the presence of thiol reducing
agents such as dithiothreitol for maximal activity (34,72); reduced
glutathione may serve as a cofactor in vivo. Liver and kidney are
also active in monodeiodinating 3,3',5'-triiodothyronine (rT3), an
inactive intermediate product of Tg» in the 5' position to yield
3,3'T. Similarities in the subcellular distribution of the T, and
rT; 5'-deiodinases and in the effects of inhibitors on deiodination
suggest that a single enzyme catalyzes 5'-deiodination of both T4 and
rT3 in Tiver and kidney (27,35).

It is evident that altered thyroid hormone metabolism may be an
important factor contributing to the defective expression of adaptive
thermogenesis in the obese mouse. Since little is known about thyroid

hormone metabolism in lean and obese (ob/ob) mice, we have examined the



effects of age, environmental temperature and T3 administration on the
kinetic parameters of 5'-deiodinase in hepatic and renal microsomes
of each phenotype.

Materials and Methods

Materials. The '251-labeled iodothyronines, (3' or 5') L-T, (60-80
uCi/ug) and (3' or 5') L-rT3 (600-800 uCi/ug) were purchased from
Abbott Laboratories (N. Chicago, IL). '2%I-labeled L-Ty (150 uCi/ug)
was purchased from New England Nuclear Corp. (Boston, MA).
Dithiothreitol (DTT) and unlabeled L-T4 and L-T3 were obtained from
Sigma Chemical Co. (St. Louis, M0). Unlabeled L-rT3 was purchased
from Calbiochem (Ladolla, CA). A1l other chemicals were reagent grade.
Animals. Male C57 BL/6J lean (ob/+ or +/+) and obese (ob/ob) litter-
mates obtained from our breeding colony were weaned at 3 weeks of age
and housed individually in plastic solid-bottom cages at 25%. AN
animals were provided a stock diet (Wayne Rodent Blox from Continental
Grain Co., Chicago, IL) and water ad libitum. A 12 h;12 h light-dark
cycle was maintained throughout the studies.

Experiments. In experiment 1, iodothyronine metabolism was assessed

in 5 age groups (1, 2, 4, 6 and 8-10 weeks of age) of lean and obese
mice to compare the pattern of enzyme development between phenotypes
before and after the onset of gross obesity in ob/ob mice. Pheno-
types of pre-weanling mice were identified based on differences in
oxygen consumption (6). Body energy content of these mice was also
measured (69). Oxygen consumption and body energy content of 1 week
old lean and ob/ob mice were 3768+186 and 2472:83 ul 0,/h/g body weight
(p<0.05) and 10.8+0.3 and 12.2+0.9 kcal/animal (NS), respectively. Data



10

for 2 week old lean and ob/ob mice were 3579+114 and 2451+106 ul
0,/h/g body weight (p<0.05) and 16.9:+0.7 and 24.5:0.8 kcal/animal
(p<0.05), respectively. Thus, there was a detectable increase in body
energy of the ob/ob mice examined at 2 weeks of age, but not in mice
examined at 1 week of age. Phenotypes of post-weanling mice were
identified visually.

Because the adaptive response in heat production to changes in
environmental temperature is different in lean and obese mice (63) the
effect of environmental temperature (14°, 25°, and 33°C) on iodo-
thyronine metabolism was determined in lean and obese mice (experiment
Four week old mice were placed in temperature-controlled chambers
maintained at either 14°C or 33°C for 2 weeks. Animals maintained at
25°C were housed in the animal room.

In experiment 3, the effect of T3 administration on iodothyronine
metabolism was determined. This experiment was conducted so that a
comparison could be made with other hepatic enzymes which have been
shown to give a different maximal response to thyroid hormone adminis-
tration in lean and obese mice. Four week old mice were employed
since most of the physiological changes associated with the obese

syndrome have occurred by this age without the appearance of massive

obesity which may have secondary effects on T3-induced enzyme response.

Lean mice were injected intraperitoneally with 5 ug T3/100 g body
weight twice daily for 7 days. Obese mice were injected with the same
amount of T3 as their lean littermates. Based on the data of Kaplan
and Utiger (28), this dosage was sufficient to produce a maximal

induction in 5'-deiodinase activity. Control animals received an

2).
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equal volume of vehicle solution (155 mM NaCl, 2 mM NaOH). On day 7,
mice were killed 4 h after their last injection.

Tissue Preparation. All iodothyronine deiodinase assays were conducted

using a washed, crude microsomal fraction obtained from liver or kidney.
To prepare this fraction mice were killed by cervical dislocation and
the liver and kidneys quickly excised, washed with homogenization
buffer and placed on ice. Each tissue was homogenized at 0°C in 4 vol
of 0.25 M sucrose, 0.05 M potassium phosphate, 0.01 M EDTA buffer, pH
7.4 using a Potter-Elvehjem glass homogenizer. The homogenate was
centrifuged at 15,000 x g for 10 min at 4%c. The resulting supernatant
was passed through 3 layers of cheesecloth and centrifuged at 100,000 x g
for 65 min yielding the crude microsomal pellet. The microsomal pellet
was washed twice before being resuspended in the homogenization buffer
to produce a protein suspension of 5-6 mg/ml and 2-3 mg/m1 for liver
and kidney, respectively. After taking a sample for protein determina-
tion (39) 2 mM DTT was added to the suspension before it was rapidly
frozen in acetone and dry ice. Thereafter, the microsomal preparation
was stored at -80°C until deiodinase assay.

Enzyme Assay.

Incubation Procedure. Microsomal T4 5'-deiodinase (T45'-D) and
r735'-deiodinase (rT35'-D) were measured using a radiolabeled tracer
procedure. The generation of radiolabeled T3 and iodide from T, and
rT3, respectively, was monitored in each reaction. Both T45'-D and

rT35'-D were assayed separately in hepatic microsomes. Only rT.5'-D

3
was assayed in renal microsomes since the activity of T45'-D was very

low in this preparation.
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Based on preliminary studies, optimal conditions were established
for T45'-D activity. The results indicated that T45'-deiodination was
maximal at pH 6.8, 37°C and 2 mM DTT using a 0.05 M potassium phos-
phate, 0.01 M EDTA incubation buffer. In addition, T45'-deiodination
was linearly related to microsomal protein concentration from 0.1 mg/ml
to 0.4 mg/ml during a 1 h incubation at a T4 concentration of 2 uM.
Hence, T45'-D activity was assayed using the above reaction conditions
and a microsomal protein concentration of 0.35 mg/ml. Enzyme reactions
were carried out in polystyrene culture tubes (75 x 12 mm) with

various amounts of unlabeled T, added to ]251-T4 (1.25 uCi/tube) to

4
give T, concentrations ranging from 2 uM to 13 uM in a total incubation
volume of 285 ul. Incubations proceeded for 30-120 min at 37°C under
N, gassing. Reaction times were adjusted so that less than 12% T4 was
converted to T3. Reactions were terminated by plunging the assay
tubes in cracked ice and immediately adding 0.5 ml ice-cold ethanol.

rT3 5'-deiodination in hepatic microsomes was measured in 0.05 M
potassium phosphate, 0.01 M EDTA, 5 mM DTT, pH 8.0 at protein concen-
trations ranging from 0.01 mg/ml to 0.10 mg/ml. The above pH for the
incubation buffer was chosen based on the findings of Visser et al. (71)
showing that a pH 8.0 phosphate buffer gave the highest Vax for
rT35'-D in hepatic microsomes compared to pH 6.5 and 7.2. Our own
observations revealed that rT35'-D required a slightly higher DTT
concentration (5 mM vs 2 mM) than T45'-D for maximal enzyme activity.
The reaction tubes contained ]ZSI-rT3 (1.0 uCi/tube) and unlabeled rT3

to provide final rT concentrations ranging from 0.125 uM to 3.0 uM.

Enzyme reactions were carried out for 7-20 min at 37°C under N2
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gassing. The assay for rT35'-deiodination in renal microsomes was
similar to that in hepatic microsomes except for two alterations in
the incubation buffer; 0.25 M sucrose was added to the 0.05 M
potassium phosphate, 0.01 M EDTA and 5 mM DTT buffer, and the pH was
adjusted to 7.4 rather than 8.0. These alterations of the incubation
buf fer were made because the small amount of protein recovered from
kidneys of the mice required that a relatively large volume of original
suspension buffer be added to the incubation buffer to provide adequate
amounts of enzyme for assay. To minimize effects of adding relatively
large and varying amounts of suspension buffer to the incubation
buffer we employed an incubation buffer similar in composition to that
of the original suspension buffer. The range of microsomal protein
concentrations and incubation times for the renal rT3 5'-D assay were
0.015 mg/ml1 to 0.10 mg/ml1 and 7 min to 15 min, respectively. Reaction
times and/or protein concentrations for all rT35'-D assays were
adjusted so that less than 16% of the substrate was consumed during the
incubation. rT35'-D reactions were terminated by plunging the assay
tubes in cracked ice and adding either 0.5 ml ice-cold ethanol or
0.1 m1 2% bovine serum albumin followed by 0.5 m1 10% trichloroacetic
acid depending on which method of enzyme product analysis was employed.
Since T3 is a reaction product of T45'-D, alterations in T3
degradation are a potential source of error when comparing hepatic
T45'-D among treatment groups. Therefore, T3 degradation was measured

in hepatic microsomes by monitoring the disappearance of ]251

-T3 .
Details of the procedure and reaction conditions for this assay are

the same as those for the T45'-D determination, except that T,
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degradation was measured at only one substrate concentration (0.35 uM
T3).

Analysis of Incubation Products. To determine the percentage

generation of T3 and iodide from Ty and rT3, respectively, and the
percentage degradation of T3, enzyme reactants and products were
separated by descending paper chromatography employing the solvent
system of hexane-tertiary amyl alcohol-2 N ammonia (1:10:11) (2).
Briefly, ethanolic extracts of reaction mixtures were spotted on
Whatman no. 1 paper strips (Whatman Inc., Clifton, NJ) along with
appropriate carrier compounds. After development, T3 and T4 spots
were visualized with 0.5% ninhydrin while a 0.1% palladium chloride
solution was used to identify the iodide spot. Next, the paper
strips were cut into sections which were then measured for radioactivity
using a ganima counter. Values for the fractional generation of
reaction products or the fractional degradation of substrate obtained
from tissue-free control incubations were subtracted from the observed
experimental values of tissue-containing incubations to correct for
any non-enzymatic reactions and for ]251-1abe1ed reaction contaminants.
In some experimental groups, iodide release from rT3 was measured
using the ion exchange method of Leonard and Rosenberg (35) rather than
paper chromatography. In this procedure, trichloroacetic acid extracts
of reaction mixtures were applied to Dowex 50W-X8 columns (BioRad
Laboratories, Richmond, CA) equilibrated with 1.74 M acetic acid. Free
iodide was eluted from the column with three column volumes of 1.74 M
acetic acid divided into two aliquots. Results of the above method were

similar to those obtained using the paper chromatography procedure.
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Treatment of Enzyme Data. Kinetic analysis was performed on data

derived from the T45'-D and rT35'-D assays. Enzyme activity (pmo1l
product formed/mg microsomal protein/min) was determined at each
substrate concentration and double reciprocal plots were constructed.
Slopes and intercepts of the linear plots were determined using
unweighted least squares analysis. In calculating 5'-deiodinase
activity, it was assumed that 125I-T4 was randomly distributed between
the 3' and 5' positions of 1251-T4 and 1251-rT3. Hence the observed
fractional generation of T3 and iodide from T, and rT3, respectively,

was doubled to obtain the actual values.

Plasma T4 and T3 Determinations. Immediately prior to killing the

mice, blood samples were obtained from the orbital sinus for plasma T,
and T3 analysis. Plasma T, was measured using a solid phase RIA
system supplied by Becton Dickinson Immunodiagnostics (Orangeburg, NY).
Plasma T3 was assayed based on the method of Nejad et al. (41) which
uses charcoal-dextran to separate bound from free hormone.

Statistical Analysis. The data were subjected to analysis of variance.

Statistical comparisons were made with the Bonferroni t test or
Student's t test as noted in table footnotes and figure legends.
Results

Effect of Age on iodothyronine Metabolism. Effects of age and pheno-

type on the kinetic parameters of 5'-deiodinase in liver and kidney
derived from Lineweaver-Burke plots are summarized in Table 1. Sample
double reciprocal plots are presented in Figure 1 for 4 week old mice.
In examining the pattern of development of hepatic 5'-deiodinase
activity in mice, a large increase in T45'-D activity was observed

between 1 and 2 weeks of age. Vp,, values could not be compared at
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125 125
I-Ty to 1-T,

the above ages since the fractional conversion of
at 1 week of age was too low to monitor at substrate concentrations
greater than 2.0 uM T,. However, if T;5'-D activity at 2.0 uM T, is
considered, 2 week old lean and obese mice had 237% and 222% higher
enzyme activity, respectively, than respective 1 week old animals.
After 2 weeks of age, maximal T,5'-D activity in lean mice continued

to increase until a plateau was reached at 4 weeks of age, while in
obese mice maximal activity was already evident at 2 weeks of age.

In general, the developmental profile of hepatic rT35'-D was similar
to that of T45'-D in lean and obese mice. Hepatic rT35'-D in lean and
obese mice peaked at 2 weeks of age and remained high in the former
phenotype for the remainder of the experimental-period but declined
significantly in the latter phenotype by 6 weeks of age. In all age
groups, hepatic 5'-deiodination was significantly lower in obese mice
than in respective lean mice. Furthermore, differences in both
T45'-D and rT35'-D activity between phenotypes were greater in post-
weanling mice than in pre-wean]%ng mice.

Developmental alterations in the velocity of renal rT35'—D followed
a general trend of declining maximal activity with increasing age in
both lean and obese mice (Table 1). Renal rT35'-D activity was
significantly lower in obese mice at 2, 4 and 6 weeks of age relative
to their lean littermates. These differences in renal rT35'-D activity
between lean and obese mice were greatest at 2 weeks of age and became
smaller with increasing age. No difference in enzyme activity was

observed at 8-10 weeks of age.
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Km values for hepatic and renal 5'-deiodinase were similar between
phenotypes in each age group (Table 1). However, in a few instances,
significant differences in the K, of hepatic and renal rT35'-D were
observed in different age groups of a given phenotype. Since the
magnitude of the above differences was small, it is probable that they
are of little regulatory importance.

Also presented in Table 1 are the effect of age and phenotype on
hepatic T, degradation. In general, hepatic T degradation in lean
and obese mice followed a similar pattern of development as that
observed for hepatic 5'-deiodination. In addition, T degradation was
lower in obese mice than in lean mice in éach age group, but only to a
significant extent in post-weanling mice.

Data for microsomal protein content (mg protein/organ) for liver
and kidney of each age group are presented in Table 2. In both lean
and obese mice, microsomal protein content in liver and kidney
progressively rose with increasing age until peaking at 6 weeks of
age. Between 6 and 8-10 weeks of age a slight decline in hepatic
protein content was observed in both phenotypes while renal protein
content remained constant. Hepatic protein levels were similar between
lean and obese mice at 1, 2 and 4 weeks of age. However, at 6 and
8-10 weeks of age when gross hypertrophy of the obese liver was readily
apparent, microsomal protein content was greater in obese mice than in
lean counterparts. No significant differences in renal protein
content were observed between phenotypes at any age investigated.

Employing the data in Table 2, the calculation of maximal

5'-deiodinative capacity per organ (Vmax x microsomal protein/organ)
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could be performed. In general, maximal 5'-deiodination per liver was
significantly lower in obese mice than in lean mice at all age groups
studied with differences between phenotypes being greater in older
animals than in younger animals (results not shown). 5'-deiodinative
capacity per kidney was also significantly lower in obese mice at all
age groups except 8-10 weeks. The above differences in maximal 5'-
deiodinative capacity per liver or kidney between lean and obese mice
were mainly the result of phenotypic alterations in 5'-deiodinase
specific activity in these respective organs.

In Table 3, plasma T4 and T3 concentrations for 4, 6 and 8-10 week
old mice in experiment 1 are presented. Relative to lean mice, plasma
T4 concentrations in obese mice were significantly lower at 4 and 6
weeks of age, but were not different in 8-10 wk old mice. Plasma T3
concentrations were similar in lean and obese mice of each age group.

Effect of Environmental Temperature on Iodothyronine Metabolism.

Kinetic analysis of T45'-D and rT35'-D activity was performed in mice
housed at 14°C, 25°C and 33°C (Figure 2). Exposing lean and obese
mice to 14°C for 2 weeks stimulated maximal hepatic T45'-D activity by
89% and 80%, respectively, relative to mice housed at 25°c. Compared
to their lean littermates, hepatic T45'-D activity in obese mice was
similarly lower (55% and 53%) at 14°C and 25°C, respectively. Housing
lean mice at 33°C produced a 83% decline in hepatic T45'-D activity
compared to lean mice housed at 25°C. No data for obese mice housed
at 33°C are shown since hepatic T45'-D activity in obese mice at 33%

was too low to accurately measure.
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Table 3. Plasma T4 and T; concentrations in lean and obese mice

Concentration
T4(ug/d1) T3(ng/d1)
4 wk age Experiment 1
Lean 3.75:0.23° 105:8"
Obese 2.67:0.18%" 85462
8 wk age
Lean 4.13:0.20° 1312122
Obese 3.57:0.27° 127:10°
149 Experiment 2
Lean 3.52:0.15° 128:13%
Obese 1.91:0.19%" 108:112
25°c
Lean 3.90:0.13% 103267
Obese 2.89+0.34"" 116292
33%
Lean 3.58:0.18° 95292
Obese 1.72:0.1%" 6867
Control Experiment 3
Lean 3.22:0.13 1202102
Obese 2.81:0.23 116292
T3-treated
Lean + 87]:34b
Obese + 1410 65°"

Plasma Ty and T3 concentrations are presented for Experiment 1 (effect
of age), Experiment 2 (effect of environmental temperature) and
Experiment 3 (effect of T3 administration). Values are means=SEM of
5-6 animals. Hormone concentrations for 6 week old mice in Experiment

1 are the same as those presented for mice housed at 25°C in Experiment
2. Means with different lower case superscript letters within the same
phenotype are different (p<0.05) as determined by analysis of variance.
*Means are different (p<0.05) from those of lean mice of the same treat-
ment group as determined by Student's t-test. tHormone concentrations
were too low to be detected.
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The response of hepatic rT35'-D to environmental temperature
followed a similar pattern as T45'-D in both phenotypes housed at 14°
and 25°C (Figure 2). Housing lean and obese mice at 33°C produced a
marked decrease in hepatic rT3 5'-deiodination of 76% and 88%,
respectively, relative to mice housed at 25°C. Since the magni tude
of the above temperature-induced responses was different in lean and
obese mice, the percentage difference in hepatic rT35'-D activity of
obese mice housed at 33°C (-71%) relative to their lean littermates
was much larger than the differences between lean and obese animals
housed at 14°C (-44%) or 25°C (-46%). The effect of environmental
temperature on hepatic T, degradation followed a similar pattern of
regulation as hepatic 5'-deiodination.

Exposure to 149 stimulated maximal renal rT35'-D activity in lean
mice (69%), but had no significant effect in obese mice when compared
to respective animals housed at 25°C (Figure 2). Housing lean and obese
mice at 33°C caused a decline in renal rT35'-D activity of 63% and 39%,
respectively, relative to animals housed at 25°C. Due to the above
quantitatively dissimilar temperature-induced responses in maximal
renal rT35'-D activity observed in lean and obese mice, the percentage
difference in rT35‘-D in obese mice relative to their lean littermates
was greater at 14°C (-54%) than at 25°C (-25%). At 33°C, maximal renal
rT35'-D activity was actually higher (+26%) in obese mice than in lean
mice.

In experiment 2, no differences in the Km for hepatic and renal
5'-deiodinase were observed between phenotypes housed at a given

environmental temperature. However, comparisons within a given
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phenotype across different environmental temperatures revealed that
the Km of hepatic rT35'-D was significantly higher in lean and obese
mice housed at 33°C than in respective mice housed at 14°C and 25°C.
Plasma T4 and T concentrations for mice housed at 149, 25°C and
33°C are presented in Table 3. In all temperature groups, plasma Ty
concentrations were significantly lower in obese mice than in their
lean littermates. Environmental temperature had no effect on plasma
T4 concentrations in lean mice, while in obese mice T4 concentrations
were significantly higher at 25°C relative to 14°C and 33°C. Plasma
T3 concentrations were significantly lower in obese mice housed at
33% compared to their lean littermates. No significant differences in
plasma T3 concentrations were observed between phenotypes at l4°C and
259C. In addition, there was no effect of environmental temperature on
plasma T3 levels in lean mice. However, in obese mice plasma Tj
concentrations were significantly lower at 33%C relative to 14°C and
25°C.

Effects of T3 Administration on Iodothyronine Metabolism, Results from

the kinetic analysis of T45'-D and rT35'-D in mice injected with
either T3 or vehicle are presented in Figure 3. Tg administration
increased maximal hepatic T45'-D activity by 327% and 695% in lean and
obese mice respectively. In addition, the maximum velocity of hepatic
rT35'-D was stimulated 191% and 424% by T3 treatment in lean and obese
mice, respectively. In control animals, both T45'-D and rT35'-D were
significantly lower (50% and 44%, respectively) in obese mice than in
lean mice. However, no difference in either T,5'-D or rT35'-D was

observed between T3-treated lean and obese mice, due to the greater



LIVER KIDNEY + 1800
2801 y45-D b rTa 5/-D b
y 1500
240 /| LEAN
ol
2001 M oBese 1200
_ 160 00
120
|5 | , eoo 3
g 00 a " 1 a a -
- «| P24 » %o: 300 g
' %1 1.5] [9.4]10.3 .56/0.50 . o
® CONTROL T3 -TREATED CONTROL T3 -TREATED p
o>
(4 °
Q 5
o 4200f LIVER b b LIVER 080 .
€ 3600} rTa 5-D L T3 DEGRADATION 3
° -
g 3000 b {o0.60 3
(- % -
2400}
0.40
1800
1200 a 0.20
600 a
4l0.8 1
CONTROL T3 -TREATED CONTROL T3 -TREATED
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(uM Ty or xT3). In the case of T3 degradation vertical
bars represent enzyme activity at a single substrate
concentration of 0.35 uM T3. Bars within phenotype
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determined by analysis of variance. Means are
different (P< 0.05) from those of lean mice of same
treatment group as determined by Student's t test.
t Km was significantly different (P< 0.05) from values
observed in control mice of same phenotype. There were
no significant differences in Km between phenotypes of
a given treatment group.
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T3-1nduced response in enzyme activity in the latter phenotype. T3
administration also produced a greater response in renal rT35'-D of
obese mice (+418%) than in lean mice (+285%). Lean and obese controls
had similar activities of rT35'-D, while T;-treated obese mice had
significantly higher renal rT35'-D activity than T3-treated lean mice.
No differences in the Km for hepatic and renal 5'-deiodinase were
observed between phenotypes of a given treatment group. However, Km
values for hepatic rT35'-D and renal rT35'-D were, in some instances,
significantly lower in T3-treated mice than in controls.

T3 degradation appeared to be regulated by T3 administration in a
similar manner as that observed for hepatic 5'-deiodination (Figure 3).
Compared to control animals, T3 administration stimulated T, degrada-
tion in lean and obese mice by 296% and 544%, respectively. As
observed in the previous experiments, hepatic T3 degradation was
significantly lower in obese controls than in lean controls. However,
no difference in T3 degradation was observed between T3-treated lean
and obese mice.

Effect of T3 administration on plasma T4 and LK) concentrafions are
presented in Table 3. No significant difference in either plasma T,
or T5 concentrations was observed between lean and obese controls.
Compared to control mice, T3 levels 4 h after the last T3 injection
were 7-fold and 12-fold higher in lean and obese mice, respectively.
Ty levels in T3-treated mice were too low to be detected.

Discussion
In the present study, hepatic and renal 5'-deiodinase activity was

assayed in a washed, microsomal fraction under optimal conditions in a
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range of protein concentrations that were linearly related to reaction
velocity. Using this assay system, kinetic analysis of hepatic and
renal 5'-deiodinase revealed that the substantial variations in Vmax
arising from different physio1ogiqa1 states or phenotypes in the study
were not accompanied by alterations in Km, except in a few cases where
small differences were noted. Hence, it may be assumed that the above

alterations in V

max Were probably the results of changes in enzyme

amount.

Both T45'-D and rT35‘-D in 1ivers of lean and obese (ob/ob) mice
responded similarly to the various physiological manipulations
examined in the current study. This finding is consistent with the
hypothesis that a single enzyme is responsible for 5'-monodeiodination
of both T, and rT3 in Tiver (27). The above hypothesis has also been
proposed for kidney (35); therefore, changes in renal rT35'-deiodinase
which was assayed in this study may reflect changes in renal T,5'-
deiodinase as well.

Based on the results of experiment 1, slight differences in the
developmental profile of hepatic and renal 5'-deiodinase were observed
between lean and obese mice (Table 1). These differences are
illustrated by the fact that the percentage reduction in hepatic or
renal 5'-D in obese mice relative to their lean counterparts varied as
a function of age; for example, differences in hepatic 5'-deiodinase
between lean and obese mice were greater in the post-weaning age
groups than in the pre-weaning age groups. An opposite trend was
observed for renal 5'-deiodinase where the greatest reduction in
enzyme activity in obese mice relative to lean littermates occurred in

younger animals rather than older animals. Hence, the developmental
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pattern of 5'-deiodinase appeared to be a function of both phenotype
and tissue type.

The reduction in hepatic 5'-deiodinase in ob/ob mice relative to
their lean counterparts in experiment 1 was not a secondary result of
overt obesity since significant differences between phenotypes were
observed as early as 1 week of age. There are no data confirming the
above findings although {t ﬁas been reported that 5'-deiodination in 10%
liver homogenates is similar in 5 mo old lean and obese mice (16);
these data conflict with our results derived from microsomal prepara-
tions. The above discrepancy may be attributed to possible experi-
mental error associated with measuring 5'-deiodinase specific activity
in crude homogenates where a significant amount of non-specific
substrate binding occurs. For example, we have been unable to
demonstrate any relationship between homogenate protein concentrations
of the magnitude seen in 5-20% liver homogenates and 5'-deiodinase
activity (unpublished observations). Dilution of a 20% liver
homogenate by 1/2 or 1/4 resulted in no apparent change in enzyme
activity. Similar studies by others (33) employing 18% kidney
homogenates revealed that T45'-D activity actually increased with
homogenate dilution. It was concluded that homogenate dilution
greatly increased free substrate (T4) concentrations which apparently
more than offset the decrease in enzyme protein in the system.

Without a linear relationship existing between homogenate protein
concentration and enzyme velocity, the assay of 5'-deiodinase specific
activity (product formed/min/mg protein) is not valid because the

above measurement will vary depending on the protein content of the
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enzyme preparation. This could lead to spurious results when making
physiological comparisons in 5'-deiodinase specific activity since
different treatment groups may yield homogenates of different protein
concentration as is the case in lean and obese mice.

Accompanying reduced T45'-D activity in obese mice relative to
respective lean mice are lowered rates of T3 degradation in each age
group of experiment 1. Since T3 is a product of T45'-D, the difference
in activity of T,5'-D in lean and obese mice should be theoretically
underestimated. However, the rate of T3 degradation in hepatic
microsomes is much lower than the enzymatic production of T3 so that
the amount of error is diminished.

Results from experiment 2 revealed that the response of 5'-deio-
dinase to environmental temperature was a function of both phenotype
and tissue type (Figure 2). Regarding the former determinant, it was
shown that in a given tissue enzyme response to environmental
temperature was quantitatively different in lean and obese mice. The
latter determinant was indicated by the fact that as environmental
temperature shifted from one extreme to another, changes in the
relative levels of 5'-deiodinase in lean and obese mice followed
opposite trends in liver and kidney. The latter finding and the
earlier observations showing that developmental changes in 5'-
deiodinase were dependent on tissue type suggest that different
isoenzymes for 5'-deiodinase may exist in liver and kidney. To confirm
the above hypothesis, additional studies are needed which directly
compare the kinetic properties of the renal and hepatic enzyme in a

purified system.
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In experiment 3, T3 administration was shown to produce a greater
maximal induction in both hepatic and renal 5'-deiodinase in obese mice
than in lean mice (Figure 3). Although Ty administration resulted in
higher plasma T3 levels in obese mice than in lean mice, it is unlikely
that this is responsible for the greater enzyme induction in the former
phenotype since the T3 dosage used probably produced a maximal enzyme
response. The latter supposition is supported by studies showing that
the thyroid hormone dosage required for maximal 5'-deiodinase induction
in lean rats (5 ug T4/100 g body weight/day for 5 days) (28) is lower
than the hormone dosage employed in the present study (10 ug T3/100 g
body weight/day for 7 days). Furthermore, we injected T3 which is a
more potent inducer of 5'-deiodinase than T, (18). The differential
response of hepatic 5'-deiodinase to T3 administration between lean
and obese mice was qualitatively similar to that reported for other
hepatic, T3-regulated enzymes such as mitochondrial glycerol-3-
phosphate dehydrogenase (26,47) and Na',k'-ATPase (36). In addition,
the basal activity of all 3 enzymes is Tower in untreated obese mice
housed at 25°C than in their lean counterparts (26,36,47). The lower
basal enzyme activity in obese mice does not appear to be the result
of lTowered circulating T3 concentrations since the preponderance of
. the data from this study (Table 3) and other reports (40,76,78) show
that blood T4 concentrations are similar in lean and obese mice. An
alternative mechanism for the lowered basal enzyme activities in~obese
mice may be reduced tissue sensitivity to T3. Indeed, nuclear T3
receptor concentration in liver has been reported to be lower in

obese mice than in lean mice (19). However, the above mechanism does
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not account for the greater enzyme response to Tg administration in
obese mice. This discrepancy may be explained based on the proposal
that thyroid hormone action can be modulated by other hormonal and
metabolic factors at a level distal to the nuclear receptor (43). It
has also been postulated that T3 by itself may generate unidentified
regulatory factors which amplify the nuclear T3 signal at the post-
receptor level (38). One may therefore speculate that Ty administration
results in a greater production of such intracellular activation
factors in obese mice than in lean mice. Thus, alterations in the
post-receptor modulation of thyroid hormone action between lean and
obese mice may explain the augmented enzyme response to exogenous T3 in
the latter phenotype in the face of lowered nuclear T3 receptor concen-
tration.

In an attempt to extrapolate the in vitro results of the present
study to the in vivo situation, maximal 5'-deiodinase activity
determined in vitro and expressed on a per organ basis (Vmax X micro-
somal protein/organ) may be compared among lean and obese mice to
estimate phenotypic differences in whole animal T, to LK) conversion.
The above exercise assumes that all other factors regulating enzyme
activity besides enzyme amount are equal in lean and obese mice and
that liver and kidney are responsible for a large fraction of the T3
production in vivo. In general, maximal 5'-deiodinative capacity per
liver or kidney was found to be lower in obese mice than in respective
lean mice in most of the age groups examined in experiment 1. Based
on these results, one would expect serum T3 concentrations to be lower

in obese mice than in lean mice, but as discussed earlier circulating
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T3 concentrations appear to be similar in both phenotypes. Possibly
T3 metabolism in vivo is lowered to a similar extent as Ty to Ty
conversion in obese mice. Another possibility is that other regula-
tory factors, such as cytosolic cofactor concentrations are operating
in vivo to maintain normal 5'-deiodination in obese mice in spite of
Towered enzyme capacity. In vivo kinetic studies with thyroid hormones
would be useful in resolving this issue.

In conclusion, the present study demonstrated that hepatic and renal
5'-deiodinase activity is adaptivg to changes in age, environmental
temperature and thyroid hormone status in both lean and obese mice. The
magnitude of enzyme response to the above physiological alterations,
however, was shown to vary between phenotypes. Under basal conditions
at an environmental temperature of 25°C maximal 5'-deiodination per mg
microsomal protein or per organ was lower in obese mice than in lean
mice. Furthermore, significant differences between phenotypes were
observed as early as 1 week of age before external signs of obesity
were appérent. These findings suggest that altered 5'-deiodination may
play a role in the expression of reduced energy expenditure in obese
mice which is also observed as early as 1 week of age (6). Conceiv-
ably, the reduced conversion of T4 to T3 in obese mice would result in
Towered T3 availability and consequently, impaired thyroid hormone
action in tissues mediating adaptive thermogenesis. In conflict with
the above hypothesis is the observation that plasma T3 concentrations
are similar in lean and obese mice. However, in the case of liver,
intracellular T3 concentrations in obese mice may be reduced since local

T4 monodeiodination in euthyroid rats accounts for approximately 28% of
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this pool (58). Also, plasma T, concentrations may not accurately
reflect intracellular nuclear T3 receptor occupancy if there are
alterations in T3 transport across the cell membrane or changes in
nuclear T3 receptor concentrations (19). The above situation suggests
that coordinate alterations at several metabolic control points may
collectively be responsible for impaired thyroid hormone action in

obese mice. Further studies to examine T, transport across the cell

3
membrane and nuclear T3 receptor occupancy are needed to explore this

possibility.



IODOTHYRONINE 5'-DEIODINATION IN RATS FED LOW PROTEIN DIETS:

LACK OF CORRELATION WITH ENERGY BALANCE



Introduction

Rats fed low-protein diets exhibit increased heat production and
reduced efficiency of energy retention (30,62,67). Recently, efforts
have been made to identify the mechanisms responsible for adaptive
thermogenesis induced by feeding low protein diets. It has been
proposed that increased peat production observed in rats consuming a
low protein diet results from sympathetic activation of brown adipose
tissue (50). This is supported by data showing that norepinephrine
turnover in brown adipose tissue is accelerated in rats fed a low
protein diet (30). There is also evidence that thyroid hormones may
play a role in mediating the thermogenic response to low protein diets.
Consumption of a low protein diet is associated with a marked rise in
serum 3,3',5-triiodothyronine (T3) concentration (50,67) as well as an
elevation in hepatic mitochondrial a-glycerol phosphate dehydrogenase
activity (50,68). In addition, several biochemical processes which
have been proposed as mechanisms of adaptive heat production are
sensitive to thyroid hormone status. They include Na+,K+-ATPase
activity (36), protein turnover (15,48), futile cycling in carbohydrate
metabolism (23) and proton conductance pathway activity in brown
adipose tissue (66).

Extrathyroidal 5'-monodeiodination of thyroxine (T4) to the
metabolically active form T3 has been identified as one of several
control points regulating thyroid hormone action (32). This enzymatic
reaction is most active in liver and kidney and accounts for approxi-
mately 80% of the circulating T3 in the body. Enhanced thyroid

hormone action in rats fed a low protein diet may be mediated by a

35
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stimulation in iodothyronine 5'-deiodination since the latter process
would augment the supply of T3 to thermogenic target tissues.

In the present study, we examined the kinetic parameters of
iodothyronine 5'-deiodinase assayed in hepatic and renal microsomes of
young rats fed low protein (5 or 8% casein) or normal protein (22%
casein) diets. In addition, the above enzyme data were related to
energy balance measurements performed in the respective dietary treatment
groups.

Materials and Methods

Materials. !29I-1abeled (3' or 5') L-3,3',5'-triiodothyronine (rT3)
(600-800 uCi/ug) was purchased from Abbott Laboratories (N. Chicago, IL).
Unlabeled L-rT; was obtained from Calbiochem (LaJdolla, CA).
Dithiothreitol (DTT) was purchased from Sigma Chemical Co. (St. Louis,
MO). A1l other chemicals were reagent grade.

Animals.

Experiment 1. Twenty-four 3 week old male Sprague-Dawley rats,

obtained from Harlan Industries, Inc. (Indianapolis, IN), were
individually housed in wire-bottomed cages in a room maintained at
23-25°C with a 12-hour light-dark cycle. After an initial adaptation
period of 5 days in which rats were provided a stock diet ad libitum
(Wayne Rodent Blox from Continental Grain Co., Chicago, IL), animals
were segregated into 3 groups of equal number and similar average body
weight. One group of animals was killed immediately for determination
of initial body energy content. The remaining two groups were fed

ad libitum either an 8% casein (low protein, LP-8) or 22% casein (normal

protein, NP) semi-purified diet for 17-20 days. Composition of the
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diets is given in Table 4. Animals were provided water ad 1ibitum.
Food intake and body weights were monitored every 3 days during
dietary treatment. At the end of the feeding trial, rats were decapi-
tated and the liver and kidneys were rapidly removed for subsequent
enzyme assay. Carcasses were saved for determination of final body
energy content.

Experiment 2. The experimental design and conditions of this

experiment were similar to that described for experiment 1 except that
4 groups of 8 rats were employed. One group was again killed at the
start of the experiment for determination of initial body energy. The
remaining 3 groups were fed ad 1ibitum either a 5% (LP-5) or 6% (LP-6)
or 22% (NP) casein diet for 17-20 days.

Measurement of Iodothyronine 5'deiodination. Iodothyronine 5'-

deiodinase activity was determined in hepatic and renal microsomes
using the tracer technique of Leonard and Rosenberg (35) where genera-
tion of radiolabeled product, 1251~ fyom 1251 labeled (3' or 5')
substrate, L-rT3, was monitored. rT35'-deiodinase was assayed rather
than T45'-deiodinase since iodide release by the former reaction is
easier to quantitate (ion exchange chromatography) than is T3
production by the latter reaction (paper chromatography). Differences
in rT35'-deiodination observed between treatment groups should reflect
differences in T45'-deiod1nation as well since it has been proposed
that a single enzyme is responsible for 5'-monodeiodination of both

T4 and rT3 in Tiver (27) and kidney (35). Previous studies have shown
that both enzymes respond similarly to various physiological manipula-

tions (20,27). Details of the assay procedure have been previously
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Table 4. Composition of Diets

Low Protein Normal Protein
Casein 5 6 8 22
Glucose 76 75 73 59
Basal mix 19 19 19 19
100 100 100 100

Basal mix contained in g/1009§ corn oil, 10;
cellulose, 3.6; mineral mix, 4 (4); vitamin mix, 1
( &); choline chloride, 0.2; and methionine, 0.2.



39

reported (27). Briefly, hepatic and renal microsomes were prepared by
differential centrifugation in 0.25 M sucrose, 0.05 M potassium phos-
phate, 0.01 M EDTA, (pH 7.4). Microsomal suspensions (5-7 mg protein/ml)
were frozen in acetone and dry ice and stored at -80°C after adding 2 mM
DTT. Microsomal protein concentration was determined according to the
method of Markwell et al. (39). Prior to enzyme assay, aliquots of
hepatic and renal microsomes were thawed and then diluted Qith incubation
buffer consisting of 0.05 M potassium phosphate, 0.01 M EDTA, 5 mM

DTT, pH 8.0 to yield final protein concentrations of 6-8 ug/ml and

12-14 ug/ml, respectively. The above protein concentrations were

within the range where rT35'-deiodinase activity was linearly

related to microsomal protein concentration. Diluted microsomes were
incubated with lzsl-rT3 (1.0 uCi/tube) and unlabeled rT3 to provide

final rT3 concentrations ranging from 0.125 uM to 2.0 uM. Enzyme
reactions were carried out for 10 min at 37°C under No gassing.

Reaction times and microsomal protein concentrations for the rT35‘-
deiodinase assay were adjusted so that less than 16% of the substrate
was consumed during the incubation. Enzyme reactions were termminated

by plunging the assay tubes in cracked ice and adding 0.1 m1 2%

bovine serum albumin followed by 0.5 ml 10% trichloroacetic acid.

To determine the fractional generation of iodide from rT3, enzyme
reactants and products were separated using the ion exchange method of
Leonard and Rosenberg (35). In this procedure, trichloroacetic acid
extracts of the reaction mixtures were applied to Dowex 50W-X8 columns
(BioRad Laboratories, Richmond, CA) equilibrated with 1.74 M acetic

acid. Free iodide was eluted from the column with three column
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volumes of 1.74 M acetic acid divided into two aliquots and counted in
a gamma counter. Values for the fractional generation of iodide from
rT3 obtained from tissue-free control incubations were subtracted from
the observed experimental values of tissue-containing incubations to
correct for any non-enzymatic reactions and for ]251-1abe1ed contami-
nants.

Treatment of Enzyme Data. Kinetic analysis was performed on data

derived from the rT35'-deiodinase assay. Enzyme activity (pmol product
formed/mg microsomal protein/min) was determined at each substrate
concentration and double reciprocal plots were constructed. Slopes

and intercepts of the linear plots were detemmined using unweighted
least squares analysis. In calculating 5'-deiodinase activity, it was
assumed that 1251 was randomly distributed between the 3' and 5'
positions of ]Zsl-rT3. Hence the observed fractional generation of

jodide from rT3 was doubled to obtain the actual values.

Determination of Efficiency of Energy Retention. Efficiency of energy

retention (%) was calculated as body energy gain (kilocalories)
divided by metabolizable energy intake (kilocalories) times 100. Body
energy gain during the dietary treatment period was determined as the
final energy content of each carcass minus that estimated at the
beginning of the experiment. Initial body energy was estimated using
a linear regression equation developed by relating body energy to body
weight of rats killed at the start of the experiment. Body energy
content was determined by homogenizing carcasses 1:1 (w/v) in water
and drying aliquots at 55°C. A sample of the dried aliquot was then

combusted in a bomb calorimeter (Parr Instrument Co., Moline, IL).
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The metabolizable energy content of the diets was calculated based on
the assumption that the metabolizable energy values of casein, corn
0oil and glucose were 4, 9 and 3.64 kcal/g, respectively. Kevonian

et al. (30) demonstrated in feeding trials that the low and normal
protein diets of this study have equivalent metabolizable energy
content.

Serum Total T4, Total T3 and Free T3 Determinations. Blood samples

obtained at the time of killing were analyzed for serum total T,, total
T3 and free T3 by radioimmunoassay. Serum total T4 and free T3 were
measured by using a solid phase system supplied by Becton Dickinson
Immunodiagnostics (Orangeburg, NY). Serum total T3 was measured based
on the method of Nejad et al. (41) which uses charcoal-dextran to
separate bound from free hormone.

Statistical Analysis. A1l values are presented as means + SEM. The

data were subjected to analysis of variance and statistical comparisons
were made using the Bonferroni t test (17), or Student's t test as
noted in Table footnotes.

Results

Experiment 1. Effects of feeding an 8% casein (low protein) diet on the

kinetic parameters of hepatic and renal rT35'-deiodinase are presented
in Table 5. The Lineweaver-Burk plots from which the Vmax and Km of
5'-deiodinase were derived are shown in Figure 4. Consumption of an 8%
casein diet had no effect on maximal activity of hepatic 5'-deiodinase
expressed per mg microsomal protein, but stimulated Vmax of the renal
enzyme by 40%. In both tissues, the Km of the reaction was not affected

by dietary treatment.
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Figure 4.
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Lineweaver-Burk analysis of iodothyronine 5'-
delodinase in rats fed low protein diets. Each
point represents the mean reciprocal enzyme velocity
of 8 animals at a given substrate concentration.
Lines were calculated by linear least squares
regression.
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Hepatic and renal tissue weight, microsomal protein content and
maximal iodothyronine 5'-deiodinase activity expressed on either a
unit tissue or body weight basis are presented in Table 6. Liver
weight per 100 g body weight was similar in LP-8 and NP animals while
kidney weight was reduced 18% in the former group. Hepatic microsomal
protein content expressed per g tissue and per 100 g body weight was
30 and 36% lower in LP-8 rats, respectively, relative to NP controls.
Renal microsomal protein content was reduced 21% when expressed per
100 g body weight, but was unchanged when expressed per g tfssue.

In calculating maximal 5'-deiodinase activity on either a g tissue or
100 g body weight basis, Vmax (Table 5) was multiplied by the appro-
priate expression of microsomal protein content. Maximal hepatic
5'-deiodinase activity per g liver and per 100 g body weight was 22 and
27% lower in LP-8 rats than in NP animals. Maximal renal 5'-deiodinase
activity per g kidney was slightly elevated (38%) in LP-8 rats while
enzyme activity per 100 g body weight was unchanged. The sum of
hepatic and renal maximal 5'-deiodination per 100 g body weight was
reduced by 26% in LP-8 rats.

Energy balance measurements for experiment 1 are summarized in
Table 7. Metabolizable energy intake expressed either on an absolute
basis or per unit body weight basis was higher, 9 and 27% respectively,
in LP-8 rats than in NP animals. Body energy gain in the LP-8 group
was also increased (18%); hence, the calculated efficiency of energy
retention was similar in both the LP-8 and NP groups.

Experiment 2. Because consumption of an 8% casein diet failed to

stimulate adaptive thermogenesis in experiment 1, one could not
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Tatle 7. Energy intake and retention in rats fed low protein diets

Percentage casein in the diet

Measurement Exp 1 Exp 2
8% 223 5% 61 _22%
Initial body wt - g 59+22 58+2% 65+12 64+1% 65+13
Final body wt - g 140 + 23 174 +3% 87412 9g+10 173 43C

ME intake - kcal/expt 1076 +212 986 +20® 723 +182 815 + 8® 990 +13¢

ME intake - kcal/100g b
body wt/day 57 +12 45+1° 49 +12 51412 43 40.2°

Body energy gain - b b
kcal/expt 254 +123 215 + 8 94 + 63 132+ 7° 214 + 6°

Efficiency of energy
retention - % 23.7 +1.22 21.8+0.8% 13.1+0.8% 16.5+0.8° 21.7+0.6¢

Values are the means t SEM for 8 rats fed for 1/-20 days. Mt (metabolizable
energy) intake and body energy gain were determined as described in the
Materials and Methods. Efficiency of energy retention was calculated as body
energy gain (kilocalories) divided by ME intake (kilocalories) times 100.
Means with different lower case superscript letters within each experiment
were different (p<0.05) as determined by either Student's t test (expt 1) or
analysis of variance followed by the Bonferroni t test (expt 2).
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determine whether iodothyronine 5'-deiodination is altered during
conditions when the former process is enhanced. Therefore, protein
content of the diet was further lowered to either 5% or 6% casein in an
effort to activate adaptive heat production. This modification
succeeded in stimulating adaptive thermogenesis since efficiency of
energy retention of LP-5 and LP-6 rats was reduced by 40% and 24%,
respectively, relative to NP animals (Table 7). Although absolute
energy intake was lower (27% and 18%, respectively) in the LP-5 and
LP-6 groups than in the NP group, energy intake expressed on a per unit
body weight basis was higher in LP-5 and LP-6 animals. Body energy
gain was markedly reduced in LP-5 and LP-6 rats by 56% and 38%,
respectively.

Iodothyronine 5'-deiodination was examined in rats fed LP-5
because this group exhibited a greater stimulation in adaptive heat
production than did LP-6 animals. In general, the alterations in
enzyme data observed in the LP-5 group relative to NP animals were very
similar to those described for the LP-8 group in experiméﬁt 1 (Table 5,
Table 6, Figure 4). Consumption of a 5% casein diet increased maximal
activity of renal 5'-deiodinase by 21%, but had no effect on Vmax of
the hepatic enzyme (Table 5). In both tissues, the Km of the reaction
was unaffected by dietary treatment. Hepatic microsomal protein
content and maximal hepatic 5'-deiodinase activity were reduced 39 and
33% when expressed per g liver and 40 and 36% when expressed per 100 g
body weight, respectively, in LP-5 rats compared to NP animals. The
above measurements for kidney were similar in both dietary groups.

Combined hepatic and renal maximal 5'-deiodination per 100 g body
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Table 8, Effects of low-protein diets on serum thyroid hormones

Total T,- Total T3- Free T;-
ng/ml ng/ml pg/ml

Experiment 1

8% Casein 46.3+1,72 2.3440.122 6.70+0,282

22% Casein 49.0+1.73 1.56+0.04P 5.95+0.232
Experiment 2

5% Casein 44 ,8+1.52 2.41+0.102 5.72+0.292

6% Casein 49,1+2.6° 2.15+0.092 6.31+0.312

22% Casein 46.5+2.0% 1.42+0.06° 5.87+0.282

Values are the means t SEM for 8 rats. Serum was obtained from animals
at the end of each experiment and analyzed for thyroid hormones as
described in the Materials and Methods. Means with different lower case
superscript letters within each experiment were difterent (p<0.05) as
determined by either Student's t test (expt 1) or analysis of variance
followed by the Bonferroni t test (expt 2).
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weight was reduced by 33% in LP-5 animals. Liver and kidney weights

per 100 g body weight were unchanged in LP-5 rats.

Serum Thyroid Hormones. Effects of dietary treatments in
experiments 1 and 2 on serﬁm thyroid hormone concentrations are presented
in Table 8. Total serum T3 was markedly increased in LP-5, LP-6 and
LP-8 rats by 70%, 51% and 50%, respectively, relative to corresponding
NP animals. However, serum free T3 concentrations were unaffected by
the dietary treatments. Total serum T4 concentrations were also not
altered by dietary manipulation.

Discussion

We previously reported (20) that iodothyronine 5'-deiodination is
reduced in obese (ob/ob) mice, a genetic model where adaptive thermo-
genesis is impaired. In the present study, rats were fed low protein
diets in an effort to examine iodothyronine metabolism during
conditions of enhanced adaptive heat production. However, in
experiment 1, we were unable to accomplish this objective because rats
fed an 8% casein diet failed to exhibit an elevation in energy expendi-
ture (Table 7). Subsequently, in experiment 2, the protein content of
the diet was further reduced to either 5% or 6% casein which finally
succeeded in stimulating adaptive thermogenesis. Energy intake (per
100 g body weight) was also elevated in the latter dietary groups. It
is possible that the reduced efficiency of energy retention in rats
fed the 5% or 6% casein diets was a secondary response to an elevation
in energy intake. But, this is unlikely because rats fed 8% casein
(experiment 1) exhibited an increase in energy intake as well, but

without a concommitant change in heat production.
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Kinetic analysis of microsomal rT35'-deiodinase revealed that
consumption of a low protein (5% or 8% casein) diet had no effect on
the Vmax (expressed per mg microsomal protein) of the hepatic enzyme,
but increased the maximal activity of the renal enzyme (Table 5).
Alterations in Vmax, if any, probably represented changes in enzyme
amount since the Km of hepatic and renal 5'-deiodinase was not
affected by dietary treatment, and the enzymes were assayed under
optimal conditions. The above findings partially conflict with the data
of Smallridge et al. (59) where consumption of a low-protein diet (9%
casein) had no effect on 5'-deiodination in either liver or kidney
homogenates. The discrepancy regarding effects of low protein feeding
on renal 5'-deiodinétion may be attributed to the different assay
systems used to measure this enzyme. We have discussed earlier (20)
the problem caused by substrate binding to non-enzyme protein in
measuring 5'-deiodinase in homogenate systems which may lead to
spurious results. In the present study, this problem was circumvented
by assaying 5'-deiodination in an isolated subcellular fraction under
conditions where enzyme activity was linearly related to protein
concentration.

In an attempt to extrapolate the in vitro results of the current
study to the in vivo situation, maximal 5'-deiodinase activity deter-
mined in vitro was expressed per 100 g body weight for each tissue
(Vmax x mg microsomal protein/100 g body weight) (Table 6) to account
for differences in microsomal protein content and body weight among
dietary treatment groups. When making comparisons of maximal 5'-

deiodinase activity/100 g body weight, it is assumed that all other
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factors regulating enzyme activity besides enzyme amount are constant
among treatment groups. The possibility that availability of either
substrate or cofactor may have differentially influenced enzyme
activity in rats fed low and normal protein diets cannot be ruled out,
but there is currently no evidence indicating that this occurs in rats
fed low protein diets or in any other dietary manipulation.

Maximal hepatic 5'-deiodinase activity/100 g body weight was lower
in rats fed a 5% casein (low protein) diet than in animals fed a 22%
casein (normal protein) diet; while in kidney, maximal enzyme
activity/100 g body weight was similar in both treatment groups.
Combined hepatic and renal maximal 5'-deiodination/100 g body weight
was lower in 5% casein-fed rats than in 22% casein-fed controls
because the contribution of the hepatic enzyme to total 5'-deiodinase
activity/100 g body weight was much greater than the contribution of
the renal enzyme. Since increased energy expenditure caused by feeding
a 5% casein diet is associated with a reduction in iodothyronine
5'-deiodination/100 g body weight, an inverse correlation between the
above parameters may be indicated. However, a causal relationship is
unlikely because similar alterations in maximal hepatic and renal
5'-deiodinase activity/100 g body weight occurred in both the 5%
casein-fed rats where reduced efficiency of energy retention was
observed and in the 8% casein-fed group where adaptive thermogenesis
was not stimulated. Since iodothyronine 5'-deiodinase activity was
measured only in the microsomal fraction, the validity of the above
comparisons of maximal enzyme activity/100 g body weight depends on the

degree of variation between low and normal protein-fed animals in the
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fractional recovery of total tissue enzyme activity in this subcellular
fraction during differential centrifugation. Recovery of total tissue
5'-deiodinase in the microsomal fraction was not measured in the
present study; nevertheless, maximal possible differences in this
variable between low and normal protein-fed animals can be determined
from dietary treatment differences in microsomal protein content
expressed per g tissue. If one assumes the worst case scenario that
the decrease in hepatic microsomal protein content per g liver

(Table 6) in 5 and 8% casein-fed rats is entirely the result of reduced
efficiency of recovery of the microsomal fraction during differential
centrifugation and considers the fact that hepatic and renal iodo-
thyronine 5'-deiodinase is localized in the microsomal fraction (14,33),
then maximal hepatic 5'-deiodinase activity/100 g body weight and
combined maximal hepatic and renal enzyme activity/100 g body weight
corrected to account for differences in the above parameter would be
similar in low and normal protein-fed animals, rather than decreased

in the former group if these measurements were left uncorrected. In
either case, the same conclusion would be made: that iodothyronine
5'-deiodination does not mediate changes in energy balance in low
protein-fed rats. A similar conclusion may be deduced separately

from the kinetic data for 5'-deiodinase (Table 5), which are independent
of changes in efficiency of recovery of the microsomal fraction, since
Vmax and Km of hepatic and renal 5'-deiodinase varied in a similar
manner in both 5 and 8% casein-fed rats even though these two groups
exhibited different responses in efficiency of energy retention

relative to normal protein-fed controls. The above conclusion



54

contrasts with our initial hypothesis suggesting that increased
adaptive thermogenesis resulting from consumption of a low protein
diet is at least partly mediated by an increase in peripheral iodo-
thyronine 5'-deiodination. Additional studies examining in vivo
thyroid hormone kinetics in animals fed low protein diets are needed
to confirm the above results.

In agreement with earlier reports (11,59,77), rats fed either a 5%,
6% or 8% casein diet had higher serum total T3 concentrations than
normal protein-fed controls without corresponding changes in serum free
T3 concentrations (Table 8). These changes in circulating Ty levels
do not correlate well with the observed alterations in energy expendi-
ture in these dietary groups. As an illustration, feeding rats a.5%
casein diet and an 8% casein diet produced different thermogenic
responses relative to normal protein-fed animals, yet similar changes
in serum total T3 and free Ty concentrations. This indicates that
changes in circulating thyroid hormone concentrations, whether in the
free or bound form, are not directly responsible for activating
adaptive thermogenesis in 5% and 6% casein-fed rats. But, one cannot
rule out the possibility that the elevation in serum total T3 in 5%
casein-fed rats has a permissive role in reducing efficiency of energy
retention.

In summary, it appears that control points regulating thyroid
hormone action other than peripheral iodothyronine 5'-deiodination and
circulating thyroid hormone concentrations are active in mediating
alterations in energy efficiency resulting from consumption of a lTow

protein diet. One such control point might be hepatic nuclear T3
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receptor concentration; however, consumption of a low protein diet (9%
casein) was without effect on this parameter (59). It was not reported
whether this diet stimulated thermogenesis. Additional studies
focusing on other determinants of thyroid hormone action such as
thyroid hormone transport from the plasma to the nuclear compartment
and nuclear T3 receptor occupancy are needed to provide a more complete
understanding of the mechanisms involved in enhanced heat production

after consumption of low protein diets.



NUCLEAR TRIIODOTHYRONINE RECEPTOR BINDING CHARACTERISTICS

AND OCCUPANCY IN LEAN AND OBESE (Ob/Ob) MICE



Introduction

Obese (ob/ob) mice gain more body energy than their lean litter-
mates in part as a result of defective non-shivering (63,64) and
diet-induced thermogenesis (65). Diminished adaptive heat production
in obese mice may be associated with impaired thyroid hormone action
since thyroid hormones play a permissive role in conjunction with the
sympathetic nervous system in regulating this process (21). The above
hypothesis is supported by the findings that activities of the thyroid
hormone-sensitive enzymes, a-glycerolphosphate dehydrogenase (26,47)
and Na+,K+-ATPase (36) are lower in several tissues of obese mice than
in lean mice. Furthermore, obese mice exhibit characteristics of
hypothyroidism such as cold intolerance (64) that are partially
reversed by thyroid hormone administration (22,42).

Recently, efforts have been made to identify the specific mechanisms
responsible for reduced thyroid hormone action in obese mice. We
reported that one determinant of thyroid hormone action, thyroxine
(T4)5'-deiodination, is decreased in hepatic and renal microsomes of
obese mice as early as 1-2 weeks of age (20). Conceivably, reduced
conversion of T4 to metabolically active 3,5,3'-triiodothyronine (T3)
in obese mice would result in lowered T3 availability, and consequently,
impaired thyroid hormone expression in tissues mediating adaptive
thermogenesis. However, this hypothesis is not in accord with findings
that plasma T3 concentrations are similar in lean and obese mice
(20,40,76), suggesting that diminished T45'-deiodination in obese

mice may not directly mediate reduced thyroid hormone action.

56
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Alternate mechanisms for impaired thyroid hormone expression in
obese mice include changes at the level of nuclear T3 receptors.
Binding of T3 to specific nuclear T3 receptor sites is generally
regarded as the point of initiation of thyroid hormone action (43).
Nuclear T3 receptors have been characterized in several thyroid hormone
responsive tissues (46). Possibly diminished thyroid hormone action in
tissues of obese mice is caused by a reduction in numbers of nuclear T3
receptor binding sites. Modulation of some indices of thyroid hormone
expression through changes in nuclear T3 receptor concentration has
already been proposed for other physiological states such as starvation
(8,12,13) and partial hepatectomy (13). Another possible mechanism for
impaired thyroid hormone action in obese mice is a reduction in
nuclear T3 receptor occupancy by endogenous T3. Previous studies
have shown that thyroidal stimulation of both Na*, K'-ATPase (60)
and a-glycerolphosphate dehydrogenase (44) is correlated with occupancy
of specific nuclear T3 binding sites.

In the present study, we examined the possibility that nuclear T3
receptor concentration and occupancy by endogenous T3 are altered in
obese (ob/ob) mice. This report focuses only on liver since current
concepts of the mechanism of thyroid hormone action are largely
derived from studies employing this tissue. Also, data are available
comparing the activities of thyroid hormone-sensitive enzymes in livers
of lean and obese mice during various physiological states. Analysis
of nuclear T3 binding and endogenous T3 concentration was conducted
in vitro in soluble (0.4 M NaCl1) nuclear extracts. This preparation

was employed to obviate the problem of T3 receptor leaching from
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chromatin that occurs during incubation of intact nuclei, and is a
potential source of error in measuring maximal binding capacity (3).

In addition, soluble nuclear extracts exhibit relatively low nonspecific
binding and are suitable for the measurement of endogenous T3 content
via direct radioimmunoassay.

Materials and Methods

Animals. Male C57 BL/6J lean (ob/+ or +/+) and obese (ob/ob) littermates
obtained from our breeding colony were weaned at 3 wk of age and housed
individually in plastic solid-bottom cages at 23-25°C. A1l animals

were provided stock diet (Wayne Rodent Blox from Continental Grain,
Chicago, IL) and water ad libitum. A 12 h light-dark cycle was
maintained throughout the studies. Experiments were conducted with mice
at either 4 wk of age, a time point early in the development of the

obese syndrome, or at 8-10 wk of age when the expression of gross

obesity is well established.

Preparation of Nuclei and Solubilization of Nuclear Receptor Proteins.

The following procedures were performed at 0-4°C. Hepatic nuclei were
isolated according to the method of Widnell and Tata (73). Briefly, 7
and 6 livers from 4 wk-old lean and obese mice and 4 and 3 livers from
8-10 wk-old lean and obese mice, respectively, were pooled and
homogenized (1:3) in 0.32 M sucrose, 3 mM MgC1, (25 strokes, 1200 RPM)
using a loose fitting teflon-glass homogenizer. The homogenate was
filtered through nylon mesh and then diluted with 0.6 volumes of
homogenizing medium and 0.25 volumes of water to lower the tissue and
sucrose concentrations. Next, 0.32 M sucrose, 3 mM MgClz was layered

underneath the homogenate followed by centrifugation at 700 x g for
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10 min. The pellet of crude nuclei was resuspended in 2.4 M sucrose,
1 mM MgC‘I2 and centrifuged at 60,000 x g for 60 min. The resulting
pellet of nuclei was washed with 0.14 M NaCl, 3 mM MgCl, and recovered
by centrifugation at 1000 x g for 10 min.

Nuclear T3 receptors were solubilized according to the technique
of Silva et al. (57). The washed nuclear pellet was first suspended in
TEM buffer (30 mM Tris, 2 mM EDTA, 5 mM MgClz, 5 mM mercaptoethanol,
10% (v/v) glycerol (pH 8.0 at 25°C)) using a glass rod. An equal
volume of TEM buffer containing 0.8 M NaCl was then added to the
suspension while gently stirring. To equalize protein concentrations
in each extract the total combined volume of solubilization buffer
(TEM, 0.4 M NaC1) added to each nuclear pellet was approximately 1.15
and 1.00 mg/g liver homogenized for 4 wk-old lean and obese mice,
respectively, and 1.10 and 0.65 ml/g liver for 8-10 wk-old lean and
obese mice, respectively. T3 receptors were extracted while vortexing
the nuclear suspension on ice for 15 sec at 5 min intervals for 45 min.
The preparation was then centrifuged at 25,000 x g for 30 min; the
clear supernatant was decanted and used for subsequent measurement of
T3 binding and endogenous T3 concentration.

Efficiency of extraction of the nuclear T3 receptor was estimated
by injection of tracer levels of (]251)T3 (400-600 mCi/mg; Abbott Labs,
N. Chicago, IL) in lean and obese mice of each age group 1 h before
removal of tissue. The fraction of radioactivity in the washed nuclear

pellet that was solubilized with the receptor was determined.
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Nuclear T3 Receptor Binding Assay. Fresh nuclear extract (100 ul)

diluted 1:3 with TEM, 0.4 M NaCl was mixed with 100 ul of (]251)T3
diluted in TEM, 0.025% bovine serum albumin to give final (]251)T3
concentrations of 0.2x10°10 to 10x107'0M. The mixture was first
incubated at 30°C for 40 min to dissociate endogenous T3 from the
nuclear receptor followed by incubation at 0°C for 20 h (57). Bound
and free (]251)T3 were separated as described by Seelig et al. (54)
using an-anion exchange resin. Briefly, 1.0 m1 of 10% (w/v) ice cold
slurry of Dowex AG 1-X8 resin (200-400 mesh) in TEM, 0.2 M NaCl was
added to the T3 binding assay mixture and incubated on ice for 20 min
with mixing at 5 min intervals. The resin, which adsorbs free
(]251)T3 and T3, was then pelleted by centrifugation at 2000 x g for
5 min. Radioactivity in the bound fraction (supernatant) and free
fraction (resin) was quantitated using a gamma counter. Nonspecific
binding was determined by addition of 10'6 M T3 to the nuclear extract
containing (]251)T3.

Measurement of Endogenous T, Concentration in Nuclear Extracts. Endo-

genous T3 concentration was détermined by a modification of the direct
radioimmunoassay procedure of Yagura and Walfish (74). The assay
mixture consisted of 300 ul of undiluted nuclear extract or standard
containing 0-200 pg T3 in TEM, 0.4 M NaCl, 0.1% bovine serum albumin;
50 ul of TEM, 0.4 M NaCl containing 250 ug 8-anilinonaphltalene-1-
sulphonic acid (ANS), 25 ug bovine serum albumin and ~25,000 CPM
(]251)T3 (3300 mCi/mg; New England Nuclear, Boston, MA); and 100 ul
anti-T3 antibody (Monoform, Miles Scientific, Naperville, IL) diluted
1:300 in TEM, 0.4 M NaC1. 250 ug ANS/tube was used since this
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concentration was sufficient to minimize the binding of (1251)T3

to the receptor, and at the same time did not significantly interfere
with binding of T3 to antibody. The mixture was incubated at 4°¢ for
24 h. Bound and free fractions were separated using the anion exchange
resin method described for the T3 binding assay. Nonspecific binding
was assessed by omitting antibody from the assay mixture. Values were
separately determined for standards and nuclear extract samples and
subtracted from corresponding binding data obtained from samples
containing antibody.

Treatment of Data. Data from the binding studies were analyzed by the

method of Scatchard (53). The endogenous T3 content of the nuclear
extract was taken into account in calculating total ligand binding at

a given (]251)T3 concentration. In expressing maximal binding capacity
and endogenous nuclear T3 concentration on a unit DNA basis, correction
for incomplete receptor solubilization was included. Fractional

occupancy of the T, receptor was calculated as endogenous T3 content

3
multiplied by the fraction of hormone associated with the receptor as

determined by the application of anion exchange resin to the nuclear

extract labeled with (]25

I)T3 in vivo; the product finally divided by
the maximal binding capacity.

Other Analyses. Protein was determined by the method of Hughes et al.

(24) which employs N-ethylmaleimide to neutralize interference in the
assay produced by mercaptoethanol. DNA was determined by the method
of Burton (9) as modified by Richards (49). Statistical comparisons

were performed using the Student's t test for paired data.
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Results

Results of the nuclear T3 binding study are summarized in Table 9.
In 4 wk-01d mice, extraction of the hepatic nuclear pellet with TEM,
0.4 M NaC1 solubilized 16% more protein per mg DNA in obese preparations
than in lean preparations even though the efficiency of extraction of
the nuclear T3 receptor as measured in the in vivo labeling experiment
was similar in both phenotypes. Maximal binding capacity expressed on
either a mg protein or mg DNA basis was not different in 4 wk-old lean
and obese mice. In addition, maximal binding capacity expressed on a
whole organ basis was similar in lean and obese mice since DNA content
per liver was not different between phenotypes. The equilibrium

dissociation constant (Kd) for specific nuclear T. binding was also

3
similar in 4 wk-old lean and obese mice (Table 9 and Figure 5).

In 8-10 wk-old mice, significantly more (26%) hepatic nuclear
protein was extracted per mg DNA in obese preparations than in lean,
and a small decrease (5%) in efficiency of extraction of the nuclear

T, receptor was observed in the former group (Table 9). In contrast to

3
the results for 4 wk-old mice, maximal binding capacity (expressed on

a mg protein basis) was reduced 30% in 8-10 wk-old obese mice relative
to their lean counterparts (Table 9). There was also a small, but
significant, reduction (8%) in maximal binding capacity in obese mice
when the results were expressed per mg DNA. Conversely, maximal binding
capacity expressed on a whole organ basis was elevated 33% in 8-10 wk
old obese mice since the DNA content per liver was 45% higher in this

phenotype. No difference in the Kd for specific nuclear T3 binding

was observed between phenotypes (Table 9 and Figure 5).
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Figure 5.
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Scatchard plots of binding of T3 to solubilized
hepatic nuclear receptors in 4 and 8-10 week old
lean and obese mice. Each point is the mean of 5
preparations. The average protein content per tube
was 38 and 37 ug for 4 week o0ld and 32 and 30 ug
for 8-10 week old lean and obese mice, respectively.
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Data for endogenous nuclear T3 concentration and fractional
nuclear T3 receptor occupancy are presented in Table 10. In 4 wk-old
animals, hepatic nuclear T3 concentration expressed on a mg protein
basis was 24% lower in obese mice than in lean mice. There was also a
small (13%), but significant, reduction in nuclear T4 concentration
expressed on a mg DNA basis in 4 wk-old obese mice. Nuclear T3 content
expressed on a whole organ basis was similar in both phenotypes. The
fraétion of endogenous nuclear LE) specifically bound to the receptor,
as determined by an ion exchange resin test, was unaffected by pheno-
type (Table 10). As a result of the above finding and the previous
observation that maximal binding capacity per mg DNA was not different
in 4 wk-old lean and obese mice, a reduction in fractional nuclear T,
receptor occupancy (14%) of similar magnitude to that of endogenous
nuclear T3 concentration per mg DNA was calculated for the latter
phenotype.

Nuclear T3 concentrations were depressed even more in 8-10 wk-old
obese mice than in 4 wk-old obese mice (Table 10). Nuclear T
concentration expressed on either a mg protein or mg DNA basis was 45%
and 28% lower, respectively, in 8-10 wk-old obese mice than in lean
counterparts. Nuclear T3 content per liver was unaffected by pheno-
type (Table 10). The fraction of nuclear Ty specifically bound to the
receptor was also not different between lean and obese mice. Fractional
nuclear T, occupancy was 23% lower in nuclear extracts of 8-10 wk-old

3
obese mice than in corresponding lean controls.
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Discussion

In determining whether changes in thyroid hormone action are caused
by alterations in either nuclear T3 receptor number or occupancy by
endogenous T3, it is probably most valid to express data for these
measurements on a DNA basis since this compound comprises the genome
that is transcribed in response to T3 binding to the specific nuclear
receptor. Data stated on a protein basis have little physiological
relevance since the amount of nuclear protein extracted per unit DNA
can vary between treatment groups as was the case with lean and obese
mice at both 4 and 8-10 wks of age (Table 9). Similarly, when
correlating the above measurements with indices of thyroid hormone
action such as Na+,K+-ATPase and o-glycerolphosphate dehydrogenase,
the latter should also be expressed in the same units (per unit DNA).

In the present study, hepatic nuclear T3 receptor concentration
(fmol/mg DNA) was similar in 4 wk-01ld lean and obese mice, and only
slightly reduced in obese mice at 8-10 wks of age (Table 9). Theo-
retically, maximal enzyme response to thyroid hormone administration
is limited by the concentration of nuclear T3 receptors in the tissue.
Therefore, the finding that maximal induction of hepatic Na+,K+-ATPase
(36) and a-glycerolphosphate dehydrogenase (56) by thyroid hormone
treatment results in equally high enzyme levels in lean and obese
mice is consistent with our observation that nuclear T3 receptor
concentration is not different in the above phenotypes (Table 9).

Our nuclear T3 binding results are in apparent conflict with the
study of Guernsey and Morishige (19) showing a marked reduction (56%)

in hepatic nuclear T3 receptor concentration in obese (ob/ob) mice.
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There are several possible explanations for this discrepancy. First,
Guernsey and Morishige may have employed older mice (age of the animals
not reported) in their experiment than those used in the present study.
Possibly a substantial reduction in nuclear T3 receptor concentration
occurs in obese mice after 8-10 wks of age. Second, Guernsey and
Morishige conducted their binding studies with intact nuclei isolated
by repeated detergent treatment and centrifugation. Bernal and
DeGroot (3) have shown that a significant fraction (~50%) of the T3
receptors dissociate from detergent treated nuclei incubated at 20°C.
Receptor leaching would cause an underestimation of maximal T3

binding per unit DNA. The rate of receptor dissociation may have been
higher in nuclear preparations of obese mice than in lean mice, thus
producing an apparent reduction in maximal binding capacity in the
former phenotype. In the present study, we employed a solubilized
nuclear receptor preparation to overcome this problem as well as to
increase the "signal to noise" ratio of the binding assay. We also
determined the efficiency of extraction of the nuclear receptor to
account for the possibility that this variable might influence the
results. Finally, the different nuclear preparations employed by
Guernsey and Morishige (19) and this study could produce divergent
results by another mechanism if intact isolated nuclei contain
inhibiting and/or activating intranuclear factors at sufficient
concentrations to affect nuclear T3 receptor binding in vitro. Indeed,
several nuclear components such as certain histone (1) and nonhistone

(5) proteins can modulate the activity of partially purified nuclear

T3 receptors derived from rat liver. Possibly intranuclear regulatory
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factors differentially influence Ty binding in isolated nuclei of
lean and obese mice. Use of soluble nuclear extracts should reduce
the influence of these factors since the intranuclear environment
would be greatly diluted.

In contrast to the nuclear T3 kinetic binding data, fractional
nuclear T3 receptor occupancy was reduced 14 and 23% in 4 and 8-10
wk-01d obese mice, respectively, relative to corresponding lean mice
(Table 10). This finding was mainly the result of changes in endo-

genous T, concentration associated with the specific nuclear receptor

3
rather than alterations in nuclear T3 receptor number. Diminished
nuclear T3 receptor occupancy in obese mice is closely paralleled by
similar alterations in the concentration of the thyroid hormone-
sensitive enzyme, Na+, K+-ATPase. The number of hepatic Na+, K+-ATPase
enzyme units is reported to be decreased 24 and 46% (36) in 4 and

8 wk-o01ld obese mice, respectively; a less pronounced depression in the
concentration of enzyme units in obese mice is evident in each age
group when the data are expressed on a DNA basis (D.R. Romsos,
unpublished results). In addition, Na+, K*-ATPase activity expressed
on a per organ basis is not different in both 4 and 8 wk-0ld lean and
obese mice (36) which is consistent with data showing a similar nuclear
T3 content per organ (Table 10) in each phenotype. The above correla-
tions between nuclear T3 receptor occupancy and enzyme expression
suggests that fhe former parameter plays a role in mediating impaired

thyroid hormone action in obese mice. This proposal is congruent

with data showing a greater percentage stimulation in Na‘, K*-ATPase

activity in thyroid hormone-treated obese mice compared to similarly
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treated lean mice (36) since a greater fractional increase in nuclear
T3 receptor occupancy would occur in the former phenotype.

There are several possible mechanisms that can cause a reduction
in nuclear T3 receptor occupancy in obese mice. First, a decrease in
plasma T3 concentration can produce corresponding changes in nuclear T3
receptor occupancy (45,70). This mechanism, however, may be disregarded
since circulating T3 concentrations are similar in lean and obese mice
(20,40,76). Second, a decrease in local T4 to T3 conversion in a
given tissue could result in a diminished supply of T3 to the nuclear
compartment and hence, occupancy of receptor sites. Indeed, microsomal
T45'-deiodinase activity is 32 and 40% lower in 4 and 8-10 wk-o0ld obese
mice, respectively, than in corresponding lean mice (20). But, the
importance of this process in influencing hepatic nuclear T5 receptor
occupancy may be minimal since van Doorn et al. (70) have recently
shown using a continuous infusion technique that the hepatic nuclear
T3 pool is almost exclusively derived from the plasma T3 compartment
with Tittle contribution coming from local conversion of T, to T3.
Third, inhibition of binding of endogenous T3 to the specific nuclear
receptor by intranuclear regulatory factors could also cause a
reduction in nuclear T3 receptor occupancy. Presently, there is no
evidence either supporting or refuting this proposal in regards to
obese mice. A fourth and final mechanism for lowered nuclear T3
receptor occupancy in obese mice is a reduction in transport of plasma

T3 to the nuclear compartment. Altered T, transport in obese mice is

3
consistent with the hypothesis of York (75) which proposes that changes

in membrane fluidity and phospholipid composition in obese mice may
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affect the activity of membrane associated proteins, some of which may
be involved in transport processes. Further supporting this mechanism,
Kaplan et al. (29) have shown that tissue to plasma T3 ratios following
in vivo injection of tracer T3 are markedly reduced in livers of obese
mice relative to lean controls, indicating that transport across the
plasma membrane is diminished in the former phenotype. Additional
studies directly measuring transport of T3 from the plasma to the
nuclear compartment in livers of lean and obese mice are needed to
confirm the above proposal.

In summary, minimal differences in maximal binding capacity
expressed on a DNA basis were observed between lean and obese mice,
whereas nuclear T3 receptor occupancy was reduced in obese mice at 4
and 8-10 wk of age, the extent of the decrease being greater in 8-10
wk-old animals. Alterations in nuclear T3 receptor occupancy in obese
mice were correlated with reported changes in the thyroid hormone-
sensitive enzyme, Na+, K+-ATPase, thus suggesting a possible causal
relationship between these two parameters. Finally, it is proposed that
reduced hepatic nuclear receptor occupancy by endogenous T3 in obese
mice results primarily from an impairment in the transport of T3

from the plasma pool to the nuclear compartment.
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In the present studies, iodothyronine 5'-deiodination was examined
in lean and obese mice and rats fed low protein diets in an effort to
elucidate the mechanism(s) of altered thyroid hormone action in these
experimental animal models. It was hypothesized that alterations in T4
conversion to T3 in liver and kidney would influence the supply of
metabolically active T3 to thermogenic target tissues, resulting in
changes in nuclear T3 receptor occupancy. Reduced thyroid hormone
action in obese mice was shown to be paralleled by changes in microsomal
T45'-deiodination; however, the latter parameter was not correlated
with increased thyroid hormone expression in low protein-fed rats.
Whether impaired thyroid hormone action in obese mice is caused by
reduced 5'-deiodination of T4 remains unclear since plasma T3 concen-
trations are not altered in these animals. Increased thyroid hormone
action in low protein-fed rats is probably mediated at another level
of the thyroid system.

To study an alternate mechanism of impaired thyroid hormone action
in obese mice, the binding characteristics and endogenous T3 occupancy
of solubilized hepatic nuclear T3 receptors were examined in these
animals. Maximal binding capacity and Kq were shown to be similar in
4 and 8-10 wk-o0ld lean and obese mice, indicating that changes in
nuclear T3 receptor concentration and affinity do not mediate reduced
thyroid hormone expression in the latter phenotype. In contrast,
nuclear T4 receptor occupancy was decreased in obese mice, the extent
of the reduction being greater at 8-10 wks of age. Diminished
nuclear T3 receptor occupancy in obese mice was correlated with

reported changes in the activities of the thyroid hormone-sensitive
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enzymes, Na+, K*-ATPase (36) and a-glycerolphosphate dehydrogenase
(47), indicating that a decreased nuclear T3 signal may mediate, in
part at least, impaired hepatic thyroid hormone action in this animal
model. Whether alterations in nuclear T3 receptor occupancy are
responsible for changes in thyroid hormone action in other thermogenic
tissues (i.e. brown adipose tissue) of obese mice remains to be
addressed.

The possibility that enhanced thyroid hormone action in low protein-
fed rats results from changes in the binding characteristics of the
nuclear T3 receptor has been previously examined by Smallridge et al.
(59). They reported that the number and affinity of solubilized
hepatic nuclear T3 receptors were similar in 10w (9% casein) and normal
(18% casein) protein-fed rats. However, in calculating maximal binding
capacity, they did not account for incomplete extraction of the specific
T3 receptor from the nuclear pellet. This parameter could have varied
between the dietary treatment groups which would have produced correspond-
ing differences in maximal binding capacity expressed on a DNA basis.
Nevertheless, assuming that extraction efficiency is similar in low and
normal protein-fed rats, it may be concluded that enhanced thyroid
hormone action in the former group is not caused by alterations in
nuclear T3 receptor concentration and affinity, the same deduction
having been made during conditions of impaired thyroid hormone expression
in obese mice.

In summary, lowered nuclear T3 receptor occupancy may explain, in
part at least, hepatic resistance to normal circulating T3 concentrations

in obese mice. Studies are needed to determine whether this mechanism
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is also applicable to the opposite situation of enhanced thyroid
hormone action in low protein-fed rats. In addition, the cause(s)
for reduced nuclear T3 occupancy in obese mice should be addressed.
Presently, an attractive hypothesis is impaired transport of T3 from
the plasma to the nuclear compartment which is consistent with the
theory of a general defect in membrane function proposed by York (75).
Direct measurements of hepatic Ty transport would be required to

investigate this possibility.
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