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Synergism of Thyroid Hormone and High Carbohydrate

Diet in the Induction of Lipogenic Enzymes in the Rat

MECHANISMS AND IMPLICATIONS

CARY N. MARIASH, FRAN E. KAISER, HAROLD L. SCHWARTZ, HOWARD C. TOWLE,
and Jack H. OPPENHEIMER, Dicision of Endocrinology and Metabolism,
Department of Medicine, University of Minnesota, Minneapolis,

Minnesota 55455

ABSTRACT We have investigated the relationship
between the administration of triiodothyronine (Tj)
and a high carbohydrate (CHO) fat-free diet in the in-
duction of lipogenic enzymes in two rat tissues, liver,
and fat. Male thyroidectomized rats were treated with
graded daily doses of T; and either supplemented with a
high CHO diet or left on a regular diet. Enzymes stud-
ied included malic enzyme (ME), fatty acid synthetase,
glucose-6-phosphate dehydrogenase, and 6-phospho-
gluconate dehydrogenase. In the liver, all four lipo-
genic enzymes showed a synergistic response between
T; administration and high CHO feeding. In fat, ME
also responded synergistically. The interaction was re-
flected in an increased sensitivity to T,;. The dose of
T; required to achieve 50% maximal response was re-
duced three- to seven-fold by the high CHO diet. This
phenomenon could not be attributed to a dietary-in-
duced alteration either in T3 metabolism or in number
or affinity of the Ts-nuclear receptors. Moreover, stud-
ies of the relative rate of synthesis of ME suggested a
simultaneous time of onset in the induction of ME,
within 2 h after the application of either T, or CHO.
Thus, it is unlikely that either stimulus is secondary to
the other. Since parallel experiments from this labora-
tory (Towle, Mariash, and Oppenheimer. 1980. Changes
in hepatic levels of messenger ribonucleic acid for
malic enzyme during induction by thyroid hormone
or diet. Biochemistry. 19: 579-585.) show that ME
induction both by CHO and T; is mediated by an in-
crease in specific messenger RNA for ME, the inter-
action of T3 and the dietary factor occurs at a pretrans-
lational level.
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INTRODUCTION

Hepatic lipogenic enzymes respond in a coordinated
fashion to multiple physiological stimuli (1-3). For in-
stance, administration of a high carbohydrate (CHO) fat-
free diet results in an increase in the activity of these
enzymes as a result of de novo protein synthesis (3, 4).
In three instances increased induction has been shown
to correlate with the level of polysomal messenger RNA
(mRNA) (5-8). An increase in activity and mass of lipo-
genic enzymes also follows administration of thyroid
hormone (9-12). Moreover, previous studies from our
laboratory have shown that the rate of lipogenic en-
zyme induction is related to nuclear occupancy in a non-
linear and highly amplified fashion (13-15). Thus, in
the euthyroid state when approximately one half of the
nuclear sites are occupied, the rate of ME induction is
less than one-tenth of that which characterizes the re-
sponse when the sites are fully occupied by triiodothy-
ronine (Tj).

The ability of these two apparently unrelated stimuli
to induce the formation of the same lipogenic enzymes
appears intriguing and raised fundamental questions
with respect to potential interrelationships of the stim-
ulating mechanisms. Accordingly, we undertook a sys-
tematic study to analyze the effect of T, on the induc-
tion of lipogenic enzymes in animals maintained on a
normal chow or a high CHO diet. Four lipogenic en-
zymes were studied: malic enzyme (ME), fatty acid
synthetase (FAS), and the two hexose monophosphate
shunt enzymes, glucose-6-phosphate dehydrogenase
(G6PD), and 6-phosphogluconate dehydrogenase

' Abbreviations used in this paper: CHO, carbohydrate;
Dso, half maximally effective dose of triiodothyronine; FAS,
fatty acid synthetase; G6PD, glucose-6-phosphate dehy-
drogenase; ME, malic enzyme; mRNA, messenger RNA;
6PGD, 6-phosphogluconate dehydrogenase; T, triiodothy-
ronine.
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(6PGD). The effect of a high CHO diet on the metabo-
lism and distribution of T; and specific T; nuclear re-
ceptor binding were assessed. Additional information
was obtained from the time-course of ME induction by
T; or high CHO diet from serial determinations of the
relative rate of synthesis of this enzyme. Our results in-
dicate a synergistic interaction between the T3 nuclear
complex and an as yet unidentified factor generated in
response to the high CHO diet. Our findings, further-
more, emphasize that metabolic as well as hormonal
determinants can influence the expression of thyroid
hormone action at a postreceptor level.

METHODS

Sprague-Dawley male rats (150-200 g) were purchased from
Taconic Farms, Germantown, N. Y., and were provided with
water ad lib. except where noted. Rats were rendered hypo-
thyroid by surgical thyroidectomies performed by the supplier
and the administration of 100 uCi of '*'I 1 wk after the institu-
tion of a low iodine diet. Hypothyroid animals were used only
after cessation of weight gain for a minimum of 2 successive
wk. T3 (Sigma Chemical Co., St. Louis, Mo.) was dissolved in a
minimum of 0.1 N NaOH and made up to 2 mg/ml with distilled
water. Dilutions of T; stock solutions were made with 2% hu-
man albumin in saline. Animals were fed either a regular
Purina diet (23% protein; 55% complex CHO; 22% fat; Ralston
Purina Co., St. Louis, Mo.) or a high CHO (fat-free, test diet;
ICN Nutritional Biochemicals, Cleveland, Ohio; 20% casein;
60% sucrose; 20% nonabsorbable filler) which had been con-
ventionally used in the study of lipogenic enzyme induction.
Although the latter is generally referred to as a high CHO diet
itis apparent that the percentage of total diet as CHO does not
differ greatly in both diets. The high CHO diet was admin-
istered for 4 d because studies by others (1, 16, 17) as well as
preliminary experiments in our laboratory indicated that this
period was sufficient to attain equilibrium values. In those
experiments in which the time of onset was determined for
high CHO, 5 ml of 60% sucrose, 20% casein (wt/vol) was ad-
ministered by gavage.

Tissue was prepared and ME was assayed as previously de-
scribed (14, 18). G6PD and 6PGD were assayed by a modifi-
cation of the technique of Bottomley et al. (19). The initial rate
of reduction of NADP was followed spectrophotometrically at
30°C on a Beckman model 25 spectrophotometer (Beckman
Instruments, Inc., Fullerton, Calif.) at 340 nm. Each 1-ml] as-
say contained 120 umol Tris-HCI pH 8.0, 10 umol MgCl,,
0.9 umol NADP, 0.6 umol 6-phosphogluconate for the meas-
urement of 6PGD activity or 0.6 umol 6-phosphogluconate
plus 2 umol of glucose-6-phosphate for the determination of
combined hexose monophosphate shunt enzyme. 200-400 ug
protein of the 100,000 g supernate was used for enzyme deter-
mination. FAS was assayed by a modification of the technique
of Nepokroeff et al. (20). Immediately after centrifugation, the
100,000 g supernate was diluted into an equal volume of 1 M
potassium phosphate buffer, pH 7.0, 10 mM dithiothreitol.
150-300 pg protein of this solution was used for enzyme assay.
The assay contained in a final volume of 1.0 ml; 200 umol
potassium phosphate buffer, pH 7.0; 0.33 umol acetyl-CoA; 0.1
pmol malonyl-CoA; 0.1 umol NADPH; 1 umol EDTA; 1 umol
2-mercaptoethanol. The enzyme was preincubated for 15 min
at 37°C and the initial rate of reaction was followed spectro-
photometrically at 340 nm.

Enzyme activity is reported as units per milligram cytosol
protein. One unit is defined as that amount of enzyme needed
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to catalyze the oxidation or reduction of 1 nmol of NADP per
min, using an extinction coefficient for NADPH of ERY = 6.3.
All assays were linear with respect to protein concentration in
the ranges used. Protein was determined by the method of
Lowry et al. with bovine serum albumin as the standard (21).

ME was purified from hyperthyroid rats fed a high CHO
diet by a modification of the methods of Yeung and Carrico
(22). A 100,000 g supernatant fraction was prepared from a 20%
(wt/vol) liver homogenate. A 60-80% ammonium sulfate frac-
tion was then adsorbed onto a N®(6-aminohexyl)-adenosine
2' 5'-diphosphate (P-L Biochemicals, Inc. Millwauke, Wis.) af-
finity column. ME was eluted with 0.5 mM NADP*, con-
centrated by ultrafiltration, and chromatographed on a Bio-
Gel A-0.5m column (Bio-Rad Laboratories, Richmond, Calif.).
ME was stored at 4°C where it was stable for several months.
Electrophoresis in sodium dodecyl sulfate-polyacrylamide
gel revealed a single protein peak. Final specific activity was
40,600 U/mg.

Antisera to purified ME was prepared by subcutaneous in-
jection of 500 ug enzyme in complete Freund’s adjuvant into
New Zealand white rabbits three times at 1-wk intervals. 1 wk
after the last injection, animals were bled for antisera. Double
immunodiffusion revealed only one precipitation band of
identity between purified ME and total rat liver homogenate.

The relative rate of hepatic ME synthesis was determined
by intraperatoneal administration of 0.5 mCi [*H]leucine (ICN
Nutritional Biochemicals; 40—50 mCi/mmol) 45 min before kill-
ing. Livers were homogenized in 2-3 vol 0.32 M sucrose, 3
mM MgCl, and centrifuged at 100,000 g for 60 min. The super-
nate (cytosol) was brought to 10 mM Tris-HCI, pH 7.6, 1% Tri-
ton X-100. Incorporation of |*H]leucine into total cytosolic pro-
tein was determined by precipitation with 20% (wt/vol) TCA.
The precipitate was washed three times with 20% TCA and
dissolved in 0.3 ml of 88% formic acid. Incorporation of [*H]-
leucine into malic enzyme was determined by adding enough
antisera to 1.7 ml of cytosol to precipitate all enzyme activity.
Purified unlabeled malic enzyme was added to bring each
sample up to 6,500 U. After 2 h of incubation at 30°C, the sam-
ple was layered over a cushion of 1 M sucrose, 10 mM Tris-
HCI, pH 7.6, 1% Triton X-100 and centrifuged at 10,000 g for
10 min. Pellets were washed three times with 0.9% (wt/vol) so-
dium chloride and dissolved in 0.3 ml of 88% formic acid. Both
the TCA and immunoprecipitates were counted in 10 ml of
Aquasol (New England Nuclear, Boston, Mass.). Immunopre-
cipitate backgrounds were determined by reprecipitating the
original sample with an equal amount of antisera and 6,500 U of
unlabeled purified malic enzyme. (23). The relative rate of
synthesis (RRS) was calculated from: percent RRS = (counts
per minute in ME immunoprecipitate/counts per minute in
TCA precipitate) x 100.

Isolation of liver nuclei and determination of the nuclear T,
receptor content and affinity were carried out as previously
described (24). Similarly, the ratio of isotopically labeled T; in
nuclei and plasma was determined according to methods
previously described (25). The concentration of radioimmuno-
assayable T; was determined by the methods of Surks et al.
(26). In preliminary experiments the concentration of T; in
serum and livers of hypothyroid animals was determined by
the procedures outlined by Surks and Oppenheimer (27).

Comparisons between groups were analyzed by the Student’s
t test with two tails. Log dose-response curves were fitted to
the Rodbard equation (28) by a computer program kindly
provided by Dr. David Rodbard (National Institutes of Health).
This program fits dose-response data to the four parameter
logistic function proposed by Dr. Rodbard and supplies con-
fidence intervals for each of the four parameters. Square devia-
tions were pooled where appropriate; otherwise the SEM of
groups were calculated from more precise formula (29).
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RESULTS

In preliminary experiments we noted that the induction
of lipogenic enzymes by the high CHO diet was less
marked in hypothyroid than in euthyroid animals (Fig.
1). Our initial findings prompted us to examine in detail
the effect of high CHO diet over the entire range of
thyroidal status, from severe hypothyroidism to extreme
hyperthyroidism. Accordingly, hypothyroid animals
were treated with daily intraperitoneal T for 7 d. Half
the animals received a high CHO diet during the last
4 d of the study whereas the remaining half were con-
tinued on a regular chow diet. The results of these
studies are summarized in Figs. 2 and 3 and a com-
pendium of the parameters derived from an analysis of
the results is given in Table 1. Inspection of Fig. 2
reveals that for both diets the level of enzyme rises
as the dose of T; is increased until a plateau level
is achieved. However, the maximal level of enzyme
attained in the hyperthyvroid state was greater in the
CHO-treated animals than in animals on the regular
diet. For three of the enzymes, ME, FAS, and 6PGD,
the extent of excursion of the enzyme from the hypo-
thyroid to the hyperthyroid level was similar on both
diets. G6PD constitutes a striking exception since the
excursion was 109 U/mg on the high CHO dietand only
22 U/mg on the regular diet. In fact, the activity of
G6PD on a regular diet with maximal levels of ad-
ministered Ty was less than the level in the hypothyroid
animals on the high CHO diet.

Of particular interest was that the half-maximally
effective dose of T, (Djo) was markedly decreased by
administration of a high CHO diet. Thus, the ratio of the
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FIGURE 1 Influence of high CHO feeding on lipogenic

enzyme induction in either thyroidectomized (Tx) or euthy-
roid (Eu) rats. The bars represent the mean=SEM for each
group, n is in parenthesis. Animals were given the high CHO
diet for 4 d before killing (hatched bar). The solid bar repre-
sents animals on a regular diet. The insert for each enzyme
compares the increment induced by carbohydrate in Tx vs.
Eu. The ordinate represents the enzyme specific activity.
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D5, on the CHO diet to the D;, on a regular diet varied
from 0.03 for FAS to 0.39 for ME. As a necessary conse-
quence of the reduction in D5, by CHO feeding, the
degree of amplification of the T; response was markedly
reduced. As indicated in Fig. 2 and Table I the shift
of the dose-response curve by the CHO diet leads to
a virtual abolition of amplification. For ME the amplifi-
cation factor on a regular diet (f = 13.1) is reduced to
2.5, which represents an almost linear relationship
between nuclear occupancy and enzyme induction. A
comparable reduction in f values characterizes the other
enzymes studied.

The reduction in Do by the high CHO diet can be
shown to be a reflection of the cooperative interaction
between diet and T; in the induction of lipogenic en-
zymes. The degree of cooperativity can be quantitated
from the ratio of the instantaneous slopes of the dose-
response curves to T; on the different diets (Appen-
dix). Any ratio greater than one signifies a synergistic
interaction. Values and ratios for the instantaneous
slope at D = 0.03 ug are given in Table I. Since all the
ratios were clearly above unity, these findings empha-
size the cooperative interaction between T3 and CHO
feeding in the induction of lipogenic enzymes.

The linear plot of the variables shown in Fig. 3 under-
scores the divergence in the initial slope on the two
diets and thus, the cooperative relationship between T
and CHO feeding. Moreover, inspection of the plot sug-
gests that extrapolation of both curves appears to reach
a common negative intercept on the abscissa, —125 ng
T,/d, ~'% the normal replacement value. If true, this
is compatible with the hypothesis that the induction by
CHO feeding in thyroidectomized animals is contingent
on the presence of small residual quantities of thyroid
hormone. To test this hypothesis we extracted T; from
the liver and plasma of two thyroidectomized animals
that had undergone complete arrest of growth. The
material was concentrated and measured by radioim-
munoassay in two dilutions. The livers contained 1.4
and 1.5 ng Ty/g and two simultaneously extracted
euthyroid rat livers contained 4.9 and 3.7 ng Ty/g. The
corresponding plasma Tj in the pooled thyroidectomized
plasma was 0.23 ng Ty/ml, whereas in the euthyroid
animal the concentration was 0.6 ng Ty/ml. These re-
sults indicate that the thyroidectomized rats used in
our studies may have as much as one-third the normal
circulating tissue and plasma concentration of T;.

Before considering the possible mechanisms re-
sponsible for the interaction between T3 and CHO
feeding, studies were undertaken to ascertain whether
the dietary induction of lipogenic enzyme activity was
due to an increase in appearance rate or a decrease in
fractional disappearance of the enzyme. For this pur-
pose we measured the fractional rate of decrease in
enzyme activity following the substitution of a regular
diet to rats that had been on a high CHO diet the
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FIGURE 2 Complete dose-response relationship of lipogenic enzymes to T; on regular and high
CHO diets. Thyroidectomized rats were given graded doses of T; for 7 d and either given a high
carbohydrate diet (closed circles) or left on a regular diet (open circles) for the last 4 d. Each
point represents the mean+SEM of at least four animals (except only one rat at 200 pug on a
regular diet for ME and FAS). The line drawn is the computer generated best fit curve for the data.

previous 4d. A semilogarithmic plot of the enzyme
level as a function of time indicated an apparent half-life
of decline of 3.8 d for ME, 3.8 d for 6PGD, 2.6d for
G6PD, and 0.9 d for FAS. These values are similar to
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FIGURE 3 Low dose-response relationships of G6PD to T;
administration on regular and high CHO diets. Data from
Fig. 2 are plotted on linear coordinates up to a dose of 4 ug
T3/d/100 g body wt. Symbols and curves are as in Fig. 2. Extrap-
olation to the abscissa (arrow) intercepts at a common value
of —125 ng Ty/d. Similar steep initial curves characterize plots
of the other enzymes.

T; and Carbohydrate Synergism on Lipogenic Enzyme Induction

previously observed values after discontinuation of T;
treatment (15). This would suggest that for each enzyme
the same limiting factor, probably the half-life of the
enzyme itself, determines its fractional disappearance
rate after withdrawal of either stimulus.

We next examined the potential mechanisms which
might account for the observed interaction between
dietary and hormonal stimuli. First, we considered
the possibility that the high CHO diet might potentiate
the effect of thyroid hormones either by decreasing the
metabolic clearance rate of T; or by increasing the
number or affinity of the T; nuclear receptor sites.
Measurements of the T; clearance rate of isotopically
injected T; in euthyroid animals using noncompart-
mental methods (30) (Table II), however, showed only
a 12% reduction by CHO feeding. This change is of
uncertain significance and under any circumstance
could not account for the observed dietary-induced
events. Direct measurements of the binding capacity
and affinity of isolated nuclei both in hypothyroid and
euthyroid animals failed to reveal significant differences
attributable to diet (Table II). Moreover, in vivo meas-
urements of the nuclear/plasma ratio of T; showed no
substantial differences. Thus, there is no evidence
favoring an increase in overall strength of nuclear
binding as a consequence of CHO feeding.

Next, we considered the possibility that the induction
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TABLE 1
Compendium of Dose-Response Parameters

Slope at

Enzyme Diet Emax f b Dy, D = 0.03 pg*

HE

ME Regular 180.4 13.1 1.47 2.8 11.2
High CHO 209.3 2.5 1.07 1.1 151.4
High CHO/Regular 13.5
FAS Regular 26.5 6.0 1.02 1.4 17.2
High CHO 17.8 1.7 1.51 0.043 173.9
High CHO/Regular 10.1
G6PD Regular 22.0 4.2 0.85 14 22.2
High CHO 108.7 0.7 1.19 0.057 881.1
High CHO/Regular 39.7
6PGD Regular 102.1 3.5 0.77 1.44 122.1
High CHO 122.6 1.8 0.47 0.18 464.3
High CHO/Regular 3.8

Abbreviations used in this table: b, Hill coefficient (see Appendix); Enay, maximum response
above a hypothyroid baseline; f, amplification factor (see Text) = [Hyperthyroid — Tx/Euthyroid

— Tx]).
* Calculated from Eq. 2 (Appendix).

of lipogenic enzymes was mediated exclusively by the
high CHO dietary factor and that the effects of T; could
be explained simply by an enhanced generation of this
factor. Since the maximal effects of thyroid hormone-
mediated events are characterized by a delay of many
hours after the injection of hormone, one might then
anticipate that the lag time for ME induction after the
administration of a maximal intravenous dose of T,

would be substantially longer than the lag time after a
pulse gavage of the high CHO diet. To evaluate the
time of onset of ME induction by T; or CHO feeding
the relative rates of synthesis of ME were determined
45 min after the administration of [*H]leucine. The
results of these studies are illustrated in Fig. 4 and
clearly show that the increased rate of synthesis of ME
after both stimuli begins at ~2 h after administration

TABLE 11
Effect of Diet on T3 Metabolism and T; Nuclear Binding

High CHO diet Regular diet
MCR 14.7 ml/h/100 g 16.8 ml/h/100 g
Half-life 6.2 h 76 h
Nuclear |* 0.387+0.009 0.361+0.023
Plasma
Maximum nuclear T,
binding Eu 0.32+0.03 ng T3/mg DNA 0.31+0.02 ng T;/mg DNA

Equilibrium association
constant Eu

Maximum nuclear T,
binding Tx

Equilibrium association
constant Tx

6.2+0.1 x 108 M~
0.56+0.02 ng Ty/mg DNA

1.4x0.1 x 10°* M~!

7.7+0.5 x 10 M™!
0.61+0.02 ng T3/mg DNA

1.2+0.1 x 10° M™!

Abbreviations used in this table: Eu, euthyroid rats, n = 4, MCR, metabolic clearance
rate of T; determined from average plasma values in six rats on each diet; Reg, regular diet;

Tx, thyroidectomized rats, n = 5.

* Nuclear/plasma ratios of T; 30 min after intravenous injection. n = 4 for each diet at
both T; tracer and Tj; load injections. Values are mean+SEM.
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FIGURE 4 Relative rate of synthesis (RRS) of ME after either
T; or high CHO administration. Rats were given T; (200 ng/
100 g body wt i.v.) or gavaged with high CHO diet at t = 0
and given 0.5 mCi [*H]leu i.p. 45 min before killing. The
counts per minute in immunoprecipitable ME are compared
to the cpm in TCA-precipitable cytosol as a function of time
after the stimulus. Open circles are Ts-induced rats, closed
circles are CHO induced rats. Each point is the mean of two
separate rats. The range at each point is no more than +15%.
The horizontal dashed line represents the RRS of untreated
base-line rats (RRS = 0.10%+0.006, n = 6).

of both stimuli. These results, in conjunction with the
lack of effect of high CHO diet on T; metabolism and
receptor binding provide no support for the hypothesis
that either the CHO diet or T; is in any sense “primary”
with respect to the other. Additional studies indicated
that 24 h after the institution of the high CHO diet the
relative rate of synthesis was shown to be eightfold
increased above baseline values, proportional to the
increase in the steady-state ME activity. The augmented
synthesis rate could thus completely account for the
increase in ME levels.

To determine whether or not synergism also char-
acterizes the interaction of CHO and T; in other tis-
sues, studies were carried out with epididymal fat. The
level of lipogenic enzymes was determined in hypo-
thyroid, euthyroid and hyperthyroid animals (Table III).
Of the four lipogenic enzymes studied only the re-
sponse of ME was synergistic to Ts and CHO feeding.
Thus, the increment in ME activity produced by CHO
feeding in hypothyroid animals was only 10 U/mg,
whereas in euthyroid animals the increase was 140 U/
mg. Failure to demonstrate a cooperative interaction
with the other lipogenic enzymes may have been due
to the large experimental error encountered. A limited
number of studies were performed with heart, kidney,
and brain. No consistent evidence of induction either
by CHO feeding or T; administration was noted.

T, and Carbohydrate Synergism on Lipogenic Enzyme Induction

DISCUSSION

A number of recent reports have suggested the poten-
tial importance of the interaction of T; with other
hormones in producing specific biologic effects. Thus,
two groups have studied the interrelationship of Tj,
growth hormone and steroids in the induction of ayy-
globulin, an hepatic protein of unknown function found
in male rats (31, 32). This interaction appears to occur
predominately at a pretranslational level. Similarly,
T; and cortisol interact synergistically in the induction
of the specific mRNA for growth hormone in GH, cells,
a cell line derived from a rat pituitary tumor (33).
Results of the present series of experiments emphasize
the physiologic relevance of the interaction of T; with
other stimuli. Thus, we have shown the induction of
lipogenic enzymes by the high CHO diet is closely
related to the thyroidal status of the animal and con-
versely, the effect of T; in stimulating lipogenic
enzymes is strongly influenced by dietary factors.

The degree of interaction of T; with the high CHO
diet varied with each of the lipogenic enzymes ex-
amined. The strongest degree of interaction occurred
with G6PD. As illustrated in Fig. 2 for G6PD, a high
CHO diet increases the sensitivity of T; induction
40-fold over that on a regular diet. The minimal T,
induction on normal chow raises the interesting pos-
sibility that other thyroid-dependent activities may not
be apparent until the appropriate physiological or
hormonal stimuli are applied.

Our findings also touch on the fundamental question
as to whether thyroid hormone constitutes an absolute
or only a relative requirement for the induction of
lipogenic enzymes. Inspection of Fig. 3 raises the pos-
sibility that the carbohydrate induction observed in
hypothyroid animals may be attributed to residual tis-
sue T,;. Measurement of the T; concentration in liver
and plasma in animals subjected to combined thyroid-
ectomy and ™!I treatment showed that the pool size
of T; was approximately one-third that observed in
normal animals. Further studies are required to deter-
mine whether the residual T; in these animals is due
to incomplete thyroidectomy, extrathyroidal T; forma-
tion or an unsuspected dietary source of hormone. Re-
gardless of the eventual resolution of this problem, the
steep initial slope and early plateau noted in Fig. 3
points to the potential importance of “permissive”
effects of T;, which can easily be overlooked if animals
are not made sufficiently hypothyroid.

Our studies have also clarified several aspects govern-
ing the interaction of T3 and the high CHO diet. Our
findings effectively exclude the possibilities that CHO
feeding either decreases the metabolic clearance rate
of T or enhances Ts-nuclear binding (Table II). Further-
more, we have shown that T; does not act exclusively
by altering carbohydrate metabolism since the onset of
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TABLE 111
Lipogenic Enzymes in Epididymal Fat*

ME FAS G6PD 6PGD
Tx 10.2+£7.0 (8) 7.4+1.6 52.6+4.8 19.7+x4.7
Tx + CHO 20.3x4.4 (8) 59.9+5.5 87.6+13.0 53.8+7.5
ATx} 10.1+8.5 52.5+5.7 35.0+13.9 34.1+8.9
Eu 51.8+19.0 (12) 24.2+6.7 90.5+£7.2 51.5+x72
Eu + CHO 192.4+41.2 (8) 74.7+£10.7 103.5x10.4 74.8+17.4
AEu 140.6+45.4 50.5+£12.6 13.0+12.6 23.3x18.8
Hyper 87.4+26.7 35.8x11.2 79.5+8.3 54.6+6.8
Hyper + CHO 334+47.5 86.2+6.7 140.2+30.2 99.7x10.5
AHyper 246.6+54.5 50.4+13.1 60.7+31.3 45.1x12.5

Abbreviations used in this table: + CHO, high CHO diet given 4 d before killing; Eu,
euthyroid; hyper, 15 ug T3/100 g BW intraperitoneal for 7 d; Tx, thyroidectomized.

* Values are mean+SEM, n = 4 except where indicated in parenthesis.

1 A, carbohydrate induced increase in activity. Statistics compare AEu and Ahyper to the
ATx value. Differences are not significant except AEu for ME (P < 0.025) and AHyper for

ME (P < 0.005).

induction by T3 or CHO feeding is simultaneous (Fig.
4). Thus, it appears reasonable to conclude that there
is a common point of interaction of T; and the high
CHO factor and that neither stimulus is primary to the
other.

Recent studies in our laboratory have indicated that
the induction of ME either by CHO or by Tj, individu-
ally or in combination, is proportional to the level of
mRNA for ME as measured by a translational reticulo-
cyte lysate assay (6). Since there is general agreement
that T3 induces protein synthesis at a nuclear receptor
level (13) we can infer that the signal created by the
T; receptor complex interacts with the signal generated
by the high carbohydrate diet at a pretranslational level.

The nature of the carbohydrate-induced signal has
not been defined. Previous studies have shown that in
diabetic rats neither CHO nor T} can effectively induce
lipogenic enzymes (34). Nevertheless, the block created
by insulin lack can be overcome by fructose which
enters the liver via fructokinase (35). Furthermore, in
other experiments from our laboratory? svnergism be-
tween T; and fructose has also been demonstrated in
diabetic rats. Thus, it appears that the most proximal
signal for CHO induction of ME is not insulin itself
but probably an intermediate of CHO metabolism or a
signal generated by such an intermediate.

We have previously shown in animals maintained on
a regular diet that the rate of induction of ME is not
related in a linear fashion to the nuclear occupancy

2 Kaiser, F. E., N. Mariash, H. L. Schwartz, and J. H. Oppen-
heimer. Inhibition of malic enzyme induction by triiodothyro-
nine in the diabetic rat. Reversal by fructose feeding. Metab.
Clin. Exp. In press.
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by T; but that the relationship which exists is strongly
amplified. When the Ty-nuclear sites are fully saturated.
the rate of induction is 14-fold greater than when the
sites are half saturated. The results of the current experi-
ments indicate that when the animals are fed a high
CHO diet the relationship between nuclear occupancy
and response becomes almost linear in nature. The
following and admittedly speculative explanation can
be advanced. It is possible that in addition to the
primary effects of T; on lipogenic enzyme induction
discussed above, continued administration of T; eventu-
ally results in increased turnover of CHO (36-38) lead-
ing to an enhanced formation of the putative intermedi-
ate responsible for the induction of lipogenic enzymes.
On a regular diet with increased occupancy of the T,-
nuclear sites and an increased rate of generation of the
intermediate the interaction of the two systems would
result in an exponential increase in the rate of induction
of lipogenic enzymes. On the other hand, with the high
CHO diet one might expect a maximal formation of the
putative intermediate. This would result in a simple
linear increase in the rate of induction of ME as the T,-
nuclear sites become progressively occupied (see Ap-
pendix for a formal exposition). Alternatively, it is con-
ceivable that the hyperthyroid state serves to reduce
the concentration of an inhibitor of lipogenesis. A high
CHO diet could also result in a decrease in such an
inhibitor.

The interaction of thyroid hormones and CHO metabo-
lism has received considerable attention in recent years.
The conversion of T, to T, is inhibited (39) and the
induction of ME is blocked with starvation (40). It is
therefore of interest to ask whether the decrease in
lipogenic enzyme induction by Tj in starvation is the

Mariash, Kaiser, Schwartz, Towle, and Oppenheimer



mirror image of the enhanced induction by T; observed
in the present set of experiments with a high CHO diet.
Alterations in T, levels, nuclear T, receptor concentra-
tion and postreceptor factors may have an important
regulatory function with respect to lipogenic enzyme
induction. The cessation of lipogenesis in starvation
and its resumption with CHO availability clearly
represent an important adaptive biological process.
The interaction of T; with a high CHO diet may also
be a generally useful physiological model for the study
of the interaction of T; with other biological processes.

APPENDIX

Derivation of the slope of the dose-response curve. The
four parameter logistic function proposed by Rodbard (28) to
describe dose-response data can be rearranged to:

Emax* Dt

=, (1)
(Dso)® + D
where E is the incremental enzyme response, En,, is the
maximal incremental enzyme response, D is the dose admin-
istered, Dj;, is the dose which gives 50% of the maximum
response, and b is the Hill coefficient.
Differentiating E with respect to D yields:

dE b-Epax- D!

= " (2)
dD Dj® + 2D + D?/D,,°

from which the instantaneous slope of the dose-response
curve can be obtained for any dose. Substitution of the
computer generated values of the dose-response data into Eq.
2 allows one to easily determine whether any dietary manipu-
lation produces a synergistic relationship with T; for any
dose of T.

Mechanism of Ty amplification. The model proposed in
the Discussion holds that the generation of ME mRNA is
proportional to the product of the concentrations of the T,
nuclear receptor complex (T3;N) and the postulated carbo-
hydrate-induced factor (¢):

mRNA = a(T;N)(¢), (3)

where a is a proportionality constant. This model further
implies that when the animal is on a regular diet, T, directly
influences one or more sequential steps in the generation of
¢. If each step is linearly related to (T;N), then

¢ = B(T;N), (4)

where B is another proportionality constant and n is the number
of steps influenced by Tj. Thus,

mRNA = af(T,N)! (5)

Since (T3N) = 0.5 in the euthyroid animal (24), and if n = 3,
then it follows that the amplification factor (16 = (1)%(0.5)%)
would approximate previous values on a regular diet (14). On
the other hand, if the high CHO diet produces maximal
quantities of ¢ independent of (T;N), then Eq. 3 would predict
that the ME response would be linearly related to (T;N) with
an amplification factor of ~2. Differences in ¢ and n for each

T, and Carbohydrate Synergism on Lipogenic Enzyme Induction

of the lipogenic enzymes could account for variable degrees
of amplification.
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