Thyroidal Influence on Cardiac Carbohydrate

Metabolism

A Thesis
Presented to
The School of Graduate Studies
of

The University of Ottawa

ADRTAN S. CHEONG, B.Sc.
In partial fulfillment of requirements
for the degree of
Master of Science

November, 1970.

§
¢

(© Adrian S. Cheong 1972

i



To My Parents




TABLE OF CONTENTS
' o ’ Page
ACKNOWLEDGMNTSI L] .A‘ ... ... I.. C.. ... ... .‘. .‘. ". ". ..' ... .'. ... L .‘. I
LiSt Of Tables..’....A. .A....>..l.‘. ... .‘. .....I.l ... ... ... ..... II
List of AbreviationsS. . ieeeeeeeeeeneneescocnnennnees IV

Diagram of the Main Pathways of Glucose Metabolism.. VI

ABSTRACT...cnoo.o.toot...oo.olcloo.nn.uoooo.u..oo.ou VII

HISTORICAL REVIEW
Thyroid hormones and the calorigenic effect.... 1

Effect of thyroid hormones on oxygen
CONSUMPLION. . veveteserearnnnennneennenenass 1

Mitochondrial studieS....vewen.... ceeessnsesees R

Hyperthyroidism and oxidative phosphorylation
in mitochondria,.ieeeeeereeneneneeesennenes 2

Hypothyroidism and oxidative phosphorylation
in mitochondria,.veeeveereneenenennneoanaas L

In vitro effects of thyroid hormones on oxi-
dative phosphorylation in whole mitochon-
drial.l'.l.l...l...."......'...._..l.'.l.l. 6

In vitro effects of thyroid hormones on oxi-
dative phosphorylation in submitochondrial
particleSOCOOOOOOOIO .~. ... l.. ..0 ... .:. ... ... ... ... ..... 7

Mitochondrial swelling....e.eeeeeeeceeseseseaes O

Regulation of oxidative processes by thyroid
NOIONES, ts st iteetineneeenennonennennnnnnas 12

In vitro effects of thyroid hormones on enzy-

mes :
(a) Citric acid CyCle..veeeeerennnnenn.. ee. 13
(b) Carbohydrate metabolism........... ceee. 15

In vivo effects of thyroid hormones on enzy-
mes

(a) Citric acid CY¥Cle. i iiriineienennnnennnnns 15



TABLE OF CONTENTS
' o Page
ACKNOWLEDGEMNTSI. ... .‘. ... ... .'. .‘. ". .‘. ..O ... .'. ..O @ 9 ¢ 0 & 0 0 9 0 ¢ I .
List of Tables.l..l..Al .'. l». .A..O." .‘. '.‘..l....ﬁ...'.... II
List of A DreviationS. s eeeeseeeeesneneoencnnneneenes IV

Diagram of the Main Pathways of Glucose Metabolism,. VI
ABSTRA-CT..I....'...I.‘................l....O.'...." VII

HISTORICAL REVIEW
Thyroid hormones and the calorigenic effect..., 1

Effect of thyroid hormones on oxygen
consumption......oeveiiiiiiiiiieiiiiiiiie.. 1

Mitochondrial studies.....cevee... ceeesecssnses R

Hyperthyroidism and oxidative phosphorylation
in mitochondria.......veiiiiivenrnreennnees 2

Hypothyroidism and oxidative phosphorylation
in mitochondria....eeeeeineenrnenencennenns L

In vitro effects of thyroid hormones on oxi-
dative phosphorylation in whole mitochon-
dria....".......0."...'...l...._..l.l..... 6

In vitro effects of thyroid hormones on oxi-
dative phosphorylation in submitochondrial
particles...ccieiiiiiiiiiiiiiiiiiieiiiiieen. 7

Mitochondrial swelling....eveeeeeesecesesensees 9

Regulation of oxidative processes by thyroid
hormones....ll.‘....'....l.....‘.l..'.O.l.ll 12

In vitro effects of thyroid hormones on enzy-
mes :

(a) Citric acid CYCle.uivuveesernenenenoeea. 13

(b) Carbohydrate metabolism......e0evuevus. 15

In vivo effects of thyroid hormones on enzy-
mes

(a) Citric acid cycle.vueisereveeennnennnnn. 15



Page
(b) Carbohydrate metabolism P

Thyroid hormones and protein synthesis ,......... 21

Stimulation of the nuclear matrix by thyroid
hormones .............uvu..... 21

Introduction T Yo
MATERIALS AND METHODS

Chemicals and doses e, 32

Experimental procedure R
Effect of radiothyroidectomy T

Effect of a single injection of
triiodothyromine ..........ccvivvnvnnnnn .. 3

Actinomycin and cycloheximide inhibition of -
triiodothyromine-induced enzyme responses,, 3L

Dose response studies with triiodpthyronine 35
Effects of hyperthyroidism P 1

Effects of cycloheximide, puromycin and
ethionine ........... ettt eterer e cee. 36

'Preparation of homogenates and supernatant
fluids ..Q.........I.Ll.l..ll......l.l‘ﬂ...‘l 36

.37

Biochemical Procedure Cereeeseiiiiiiiiieiii..,,, 38

Measurement of basal metabolic rate .........

Enzyme assays e tieteiieieaaa., ceeer... 38
L I ) 39

Pyruvate kinase U Lo

Hexokinase .O.....C‘..........ll'...o....l..l

Glucose~6-phosphate dehydrogenase and 6- °
phosphogluconate dehydrogenase TR T TR ¢

a-glycerophosphate dehydrogenase ............, L2
Glyceraldehyde-3-phosphate dehydrogenase ,.... 43



RESULTS Page

Influence of inhibitors of RNA and protein
synthesis on basal metabolic rate of T3-
treated rats L.iuiiiiiiieiiiiiien e, 45

Effects of inhibitors of RNA and protein
synthesis on heart and body weights in
T3-treated hypothyroid rats ................ L5

Influence of T3, cycloheximide and actino-
mycin D on cardiac enzyme activities in
hypothyrold rats ...ouevieeeiiinnnnnnnnnnn.n. 48

Duration of radiothyroidectomy on heart and
body weights vivvvivrnnnnnnennnennnnn... oo Sl

Prolongation of hypothyroidism on cardiac
enzyme activities .......... cesrerenncnsns .o 5L

Effects of different doses of T3 on heart and
body weights as well as cardiac enzymes of
hypothyroid rats .. v.evuu..... ceeeenn Ceeeon 60

Effects of inhibitors of RNA and protein syn-
thesis on heart and body weights of hyper- '
thyrold rats ..veveerinneennnennnnn. Ceeeeen 66

Influence of inhibitors of RNA and protein
synthesis on cardiac enzyme activities of
hyperthyroid rats ,....veeeeeeennnnn... ceeee 69

Effects of inhibitors of RNA and protein
synthesis pn heart and body weights of
euthyroid rats .......... et ttcieeeneeeaennne L

Influence of inhibitors of RNA and protein
synthesis on basal cardiac enzyme activi-

ties in euthyroid animals....... cesane ceeans 76
DISCUSSION +ueeuernnnnnnnnn.s i, 82
SIJIVMARY [ 2 I ) .,. D.. * o .'. ...... ® &6 0 @ 0 000 0082 00000 ® S 8 9 06 0 000 .: ® 9 e 113

REFERENCES ...... ceseacecccsennsenneaan ceecetncenens 117



ACKNOWLEDGEMENTS

I wish to express my deep appreciation and
gratitude to Dr. Joe Valadares for his guidance and
constant encouragement throughout the course of this
investigation. I am also grateful to Dr, Richard
Paterson for his kind interest and advice during this
study.

The author thanks Dr. Margaret Beznak, former
Head of the Department of Physiology, without whose
assistance this study would not have been undertaken,

Finally, I am sincerely grateful to Miss
Patricia Francis, Miss Marie Nadeau and Mrs. Mary Nadon

for their expert typing of this manuscript,




Table
1.

10.

LIST OF TABLES

Page
Influence of inhibitors of RNA and protein
Synthesis on basal metabolic rate of
triiodothyronine-treated rats ceetecticsnnnan L6

Effects of inhibitors of RNA and protein
synthesis on heart and body weights in
triiodothyronine-treated hypothyroid rats,,. L7

Influence of triiodothyronine, cycloheximide
and actinomycin D on the activities of car-
diac hexokinase and pyruvate kinase of hypo-
thyroid rats R 50

Effects of cycloheximide and actinomycin D on
glucose-6-phosphate dehydrogenase and 6-phos-
phogluconate dehydrogenase activities in the
myocardium of triiodothyronine injected hypo-
thyroid rats ....... St e e ceeec e etecensnenen

Influence of inhibitors of RNA and protein
synthesis on the activities of cardiac
a-glycerophosphate dehydrogenase and gly-
ceraldehyde~3-phosphate dehydrogenase in
triiodochyronine-treated hypothyroid
T T R 52

Duration of effects of radiothyroidectomy on
heart and body weights Cheeseteceetecnennnnns 55

Effects of prolonged duration of hypothy-
roidism on cardiac hexokinase and pyruvate
kinase activities St e et taeeteeetceee e nnen 57

Effects of prolonged duration of radiothy- .
roidectomy on glucose-6-phosphate dehydro-
genase and 6-phosphogluconate dehydrogenase °
activities in the myocardium of rats ,....... 58

Effects of prolonged duration of hypothyroi-

- dism on myocardial a-glycerophosphate de-
hydrogenase and glyceraldehyde-3-phosphate -
dehydrogenase activities ettt et 59

- Effects of different doses of triiodothyronine

on heart and body weights of hypothyroid
rats ..... ® & o 0o 00 090 0 ®© 6000000000080 ..ll..l.... 61



11.

12,

13,

15,

16.

17.

18,
19.
20.

21,

ITT

Influence of various doses of triiodothyronine
on the activities of cardiac hexokinase and -
pyruvate kinase of hypothyroid rats ceceesenne

Effects of varying doses of triiodothyronine
on glucose-6-phosphate dehydrogenase and 6-
phosphogluconate dehydrogenase activities in
the myocardium of hypothyroid rats ...........

Influence of different doses of triiodothyro-~
nine on the activities of myocardial a-gly-
cerophosphate dehydrogenase and glyceralde-
‘hyde-3-phosphate dehydrogenase in hypothyroid
AT S tittiti ettt tearittnoneeeeenn cecesasennae

Effects of inhibitors of RNA and protein syn-
thesis on heart and body weights of hyperthy-
roid rats B T

Influence of inhibitors of RNA and protein syn-
thesis on cardiac hexokinase and pyruvate
kinase activities in hyperthyroid rats .......

Effects of inhibitors of RNA and protein syn-
thesis on glucose-6-phosphate dehydrogenase
and 6-phosphogluconate dehydrogenase activi-
ties in the myocardium of hyperthyroid rats ..

Influence of inhibitors of RNA and protein syn-
thesis oA myocardial a-glycerophosphate de-
hydrogenase and glyceraldehyde-3-phosphate
dehydrogenase activities in hyperthyroid rats.

Effects of inhibitors of RNA and protein syn-
thesis on heart and body weights of euthy-
roid rats .......... cectessaas ceeseanns ceseenes

Influence of inhibitors of RNA and protein syn-
thesis on the activities of cardiac hexokinase
and pyruvate kinase of euthyroid rats ........

Effects of inhibitors of RNA and protein syn-
thesis on basal enzyme activities of myocar—
dial glucose-6-phosphate dehydrogenase and
6-phosphogluconate dehydrogenase .............

Influence of inhibitors of RNA and protein syn-
thesis on basal enzyme activities of cardiac
a-glycerophosphate dehydrogenase and glycer-
aldehyde-3-phosphate dehydrogenase ...........

Page

63

65

67

70

71

72

75

78

79

80




ADP
a-GP
a-GPdh
ATP
BMR
DHAP
DNA
FDP
G3P
G6P
G-6Pdh
HK
HMP
'LDH
mRNA
NADT
NADH
NADP
NADPH
PEP
6-PGdh

 6-P-gluconic acid - £-phosphogluconic acid

LIST OF ABBREVIATIONS
adenosine-5'-diphosphate
a—glycerophosphate
a~-glycerophosphate dehydrogenase
adenosine-5'~triphosphate
basal metabolic rate
dihydroxyacetone phosphate
deoxyribose nucleic acid
fructose-1-6-diphosphate
glyceraldehyde-3-phosphate
glucose-6-phosphate
glucose-6-phosphate dehydrogenase
hexokinase
hexose monophosphate
lactate dehydrogenase
messenger ribose nucleic acid

nicotinamide adenine dinucleotide -

reduced nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide phosphate

reduced nicotinamide adenine dinucleotide phosphate

phosphoenol pyruvate

6-phosphogluconate dehydrogenase



v

6-P-gluconolactone - 6—phosphogluconolactone
PK - pyruvate kinase

T3 - triiodothyronine




Diagram of the main pathways of glucose metabolism,

ucose
ATP
HK . NADP ;NADPH
ADP .
Glycogen synthesisé——————Glurose—6— — o -P-gluconolactone
Froftose-6-p 6
-Phosphogluconate
ATP ADP
ADP PFK - 6-PGdh
JFructose-1-6-diP ADPH

Dihydroxyacetone-P

NADH"‘-~\\\
NAD<?'—"")

a-Glycerophosphate

/ MTTOCHONDRIA

CYTOCHROME

a~GPdh

Dihydroxyacetone-~P

5-Carbon sugars
Glycer dehyde—B—P--l-Pi
NAD

NADH:
&—B—Diphosphoglycerate
D

(RNA synthesis)

ATE,
3~-Phosphoglycerate

2-Phosphoglycerate

Phosphoenolpyruvate
ADP

PK
AT

Pyruvate

Oxidised in Tricarboxylic
Acid Cycle,



ABSTRACT

Administration of thyroid hormones is known to
result in marked structural and metabolic changes in
myocardial tissue. The present study concerned the
effects of altered thyroid states on representaﬂive rate-
limiting enzymes of the glycolytic, hexose monophosphate
and the H+ ion shuttle pathways in the myocardium of the
male rat. In addition, the NAD+—dependent glycolytic
enzyme, glyceraldehyde-3-phosphate dehydrogenase, has
also been investigated.

Hypothyroidism, induced four weeks after a single

injection of 1311

, produced marked decreases in the act-
ivities of hexokinase to 20%, pyruvate kinase to L 1%,
glyceraldehyde-3-phosphate dehydrogenase to 43%, glucose-
6-phosphate dehydrogenase to 42%, 6-phosphogluconate
dehydrogenase to 4 3% and a-glycerophosphate dehydrogenase
to 4L2%. Forty-eight hours after administration of a
single dose of triiodothyronine (34 pg/l00 g body weight)
to hypothyroid animals, the activities of all enzymes
studied were significantly augmented. Concomitant ad-—
ministration of cycloheximide (70 pg/l00 g) or actin-
dmycin D (8 pg/l00 g) with triiodothyronine to hypo-
thyroid animals par&ially inhibited the triiodothy-
ronine-induced increase in the activities of all car-

diac enzymes studied.




VIIT

Hyperthyroidism, induced by administration of
triiodothyronine (250 pg/100 g/day) to euthyroid animals
for seven days produced significant increases in the
activities of hexokinase to 175%, pyruvate kinase to 167%,
glyceraldehyde-3-phosphate dehydrogenase to 7%, glucose-
6-phosphate dehydrogenase to 204%, 6-phosphogluconate de-
hydrogenase to L4 37% and a-glycerophosphate dehydrogenase to
182% of euthyroid values respectively. When cycloheximide
(70 pg/100 g), puromycin (10 mg/100 g), or ethionine
(100 mg/100 g), inhibitors of RNA and protein synthesis,
were administered alomg with triiodothyronine for one

week, the expected increases in enzyme activities were

suppressed significantly indicating that the triiodo-
thyronine-induced increases in the activities of these
enzymes may have been the result of new enzyme protein
formation,

Euthyroid animals, when treated with daily inject-
ions of cycloheximide (70 pug/100 g), puromycin (10 mng/100 g)
or ethionine (100 mg/100 g), inhibifors of RNA and protein
synthesis, for one week, exhibited marked decreases in basal
activities of hexokinase, pyruvate kinase, glyceraldehyde-
3-phosphate dehydrogenase, glucose-6-phosphate dehydrogenase,
6-phosphogluconate dehydrogenase and a-glycerophosphate

dehydrogenase. The results suggest that these compounds



IX

.affect the rate of turnover of cardiac enzyme proteins
of the animal in a steady state.

The data indicate that thyroid hormones are
capable of eliciting profound changes in the protein

synthesising ability of the heart.




HISTORICAL REVIEW

Thyroid hormones and the calorigenic effect

In 1895 Magnus Levy discovered that thyroid hormones
increased overall OXygen consumption in hypothyroid and nor-
mal individuals and termed this action of thyroid hormones
the "calorigenic effect". Until recently, the principal
role of thyroid hormones was considered to be the control of
basal metabolic rate, an index which is still used clinically
8% a measure of thyroid function. The evidence to be pre-

sented suggests that this may not be so.

Effect of thyroid hormones on oxygen consumption

Gordon and Heming,(l944), in experiments designed to

show the effects of thyroxine on oxygen consumption of various
tissues in the rat, demonstrated that slices of liver, kidney,
diaphragm and heart from thyrotoxic animals consumed oxygen at
a faster rate than normal, while those of spleen, brain and
testis did not.

Barker and Klitgaard (1952) reported decreased rates
of oxygen consumption in liver and kidney of rats as well as
cardiac, skeletal and gastric mucosal muscles following thy-
roidectomy, which were reversed to various extents after in—
jectioﬁ of a single dose of thyroxine. In addifion, the
effect of thyroxine was greatest on the heart. In contrast,
the oxygen consumption of brain, spleen and testis remained

unchanged under these experimental conditions. These results



Suggested, that in spite of the increased metabolic rate
observed in the whole animal after thyroxine administra-

tion in vivo, not all tissues respond to the same degree.

Mitochondrial studies

Based on the experiments of Lehninger (1959),
it is now well known that mitochondria incorporate
a solid state energy-transforming macromolecular
mechanism which oxidises substrates and produces the
high-energy bonds of ATP. Hoch (1962) noted that, since
the mitochondria were the principal loci of oxidative
activity, this process of oxidative phosphorylation was
considered as a target both for the regulating activities
and for the action of excess amounts of thyroid hormones.
Thus, the effects of various thyroid states; including
hyper- and hypothyroidism as well as the addition of
thyroid hormone to mitochondria in vitro, on mitochondrial
respiration and oxidative phosphorylation were extensively

studied by a number of investigators.,

Hyperthyroidism and oxidative phosphorylation in mito-
chondria
In 1951, Niemeyer et al, Martius and Hess, as well

as Lardy and Feldott, reported that mitochondria from




hepatic tissue of hyperthyroid rats had an enhanced oXy-
gen consumption. In agreement with Niemeyer et al (1951),
.Fairhurst et al (1959) reported, that well washed mito-
chondria extracted from liver tissues of hyperthyroid rats
exhibited an increased rate of oXygen consumption without
any concomitant alteration in the efficiedcy of oxidative
phosphorylation, in terms of an unchanged P/0 ratio.

Zaimis et al (1969) demonstrated that mitochondria from
cardiac tissue of thyroxine-treated guinea pigs and cats
showed increases in both ADP-stimulated and basal rates-of
respiration, although.the efficiency of oxidative phos-
phorylation remained unaffected. Tata et al (1963)

failed to demonstrate any alteration in the P/0 ratio or

in respiratory rate for either liver or muscle mitochon-
dria when a change in basal metabolic rate waé effected

by doses of triiodothyronine small enough to have no effect
on growth rate. Dow (1967) reported no changes in respira-
tory rates or oxidative phosphorylation in muscle mitochon-
dria from thyrotoxic rats.

However, Martius and Hess (1951) as Weil as Lardy
and Feldott (1951) found decreases in the efficiency of
oxidative phosphorylation which were concomitant with an
increase in oxygen consumption in hepatic mitochondria

from hyperthyroid rats. Maley and Lardy (1955) also




demonstrated that mitochondria from thyrotoxic rat livers
exhibited P/0 ratios that were 50 percent lower than
those of controls. Heninger et al (1970) observed that
hepatic mitochondria from rats that were made hyper-
thyroid by acclimdtization to extreme cold demonstrated
an increase in oxygen consumption as well as a decrease
in the P/0 ratio in comparison to controls.

In the light of the evidence presently available,
no definitive conclusions can be reached in regard to -
the effects of hyperthyroidism on both mitochondrial

respiration and oxidative phosphorylation.

Hypothyroidism and oxidative phosphorylation in mitochondria

Maley and Lardy (1955), in attempting to elucid-
ate the effects of hypotﬁyroidism on mitochondrial
respiration and oxidative phosphorylation, used mitochbn-
dria isolated from livers of thyroidectomized rats. No
change in P/0 ratios were observed although the rate of
oXygen consumption was markedly decreased. Bronk and Bronk
(1962) confirmed the results obtained by Maley and Lardy (1955)
on mitochondrial respiration and oxidative phosphory—
lation in hepatic tissues of hypothyroid rats. In

addition, Bronk and Bronk (1962) demonstrated increases



in the rates of oxidation and phosphorylation with no
change in P/0 ratio when hypothyroid rats were given
physiological doses of thyroxine. Heninger et al (1970),
working with rats subjeeted to thyroidectomy of varying
completeness, were able to measure the thyroid hormone
content of mitochondria prepared from hepatic tissues.
This was accomplished by placing rats on an iodine free
diet for four weeks followed by a period of thirty days
in which these animals were fed a diet containing 125I.
The amounts of 125I present as iodide, triiodothyronine
and thyroxine in liver mitochondria were determined radio-
chromatographically, in addition, the rate of oxygen
consumption and the P/0 ratios were measured simultan-
eously under different thyroidal states in order to test
the correlation of these three parameters. These wor-
kers found that mitochondria from liver of hypotthoid
rats exhibited a decreased rate of OXygen consumption,

an increased P/0 ratio and a decreased thyroid hormone
content when compared to controls, As the P/0 ratio
approached~a value of 3, there was a progressive de-
crease in thyroid hormone content of hepatic mitochon-
dria, i.e. an inverse linear relationship existed between
mltochondflal thyroid hormone content and P/O ratio, They

interpreted these results to mean that thyroid hormones




produce a "loosening" of the coupling of oxidation to
phosphorylation in mitochondria,

Although hypothyroidism appears to reduce the
rate of oxygen consumption by hepatic mitochondria, its
effect on oxidative phosphorylation still needs further

clarification,.

- In vitro effects of thyroid hormones on oxidative phos-

phorylation in whole mitochondria

Martius and Hess (1951), in experiments designed
to show the in vitro effects of thyroxine on mitochondriél
respiration and oxidative phosphorylation, demonstrated
the uncoupling effect of thyroxine on rat liver mitochon-
dria at concentrations of 5 x 10”2 and 5 x 1074, Maley
and Lardy (1953) successfully demonstrated the uncoupling
of oxidative phosphorylation in both hepatic and kidney
mitochondria by thyroxine at a concentration of 2.6 x
10™°M, In addition, the rate of oxygen consumption was
significantly lowered. Klempérer (19555) confirmed the
results of Maley and Lardy (1953) using hepatic mito-
chondria and thyroxine at a concentration of 10™*M. He
alsoﬁfdﬁnd‘a decreased rate of oxygen consumption by these
ofganelles.

However, not all investigators have been successful
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in demonstrating the uncoupling of oxidative phosphory-
lation by thyroid hormones in vitro.

Hoch and Lipmann (1954), using concentrations of
thyroxine, ranging from lO_5 to lO_hM, were unable to
demonstrate any uncoupling of oxidative phosphorylation
in rat liver mitochondria. Tapley and Cooper (1956b),
using rat liver mitochondria incubated with thyroxine
(10-1+ M) in isotonic sSucrose, reported no change in the
P/0 ratio, although an uncoupling of oxidative phosphory-
lation and a slight fall in oxygen consumption occurred
when mitochondria were incubated with thyroxine and mag-
nesium in hypotonic sucrose solutinn.

Based on this evidence no real conclusion concern—
ing the uncoupling effect of thyroid hormones on oxida-

tive phosphorylation in mitochondria in vitro can be made.

In vitro effects of thyroid hormones on oxidative phos-

phorylation in submitochondrial particles

The in vitro effects of thyroid hormones on sub-
mitochondrial particles with respect to oxidative phos-
phorylation and rate of respiration have also been inves-
tigated. Tapley and Cooper (1956b) showed that digitonin-
prepared submitochondrial particles from rat liver were

capable of catalyzing oxidative phosphorylation. When
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these submitochondrial particles were incubated in hypo-
tonic sucrose solution containing magnesium and thyroxine
(lO_Lk M) no uncoupling of oxidative phosphorylation was
observed.

However, Bronk (1960) reported an improved P/0
ratio when smaller concentrations of thyroxine (2.5 x
10”7 M) were added in vitro to rat liver submitochon-
drial particles obtained by sonication., At higher‘con—
centrations (2.5 x 107* M), a decreased P/0 ratio, which
is indicative of uncoupling of oxidative phosphorylation,
was observed with a concomitant decrease in oxXygen con-
sumption. The results obtained from such experiments
would seem to indicate that submitochondrial particles
obtained by sonication retain their integrity better than
those prepared by digitonin,

Hoch (1962) and Tata (1964 ) have reviewed in
detail the effects of thyroid hormones on mitochondria
and concluded that the inconsistencies observed in ear—
lier work may have resulted from factors which include
the dose or concentration of the hormone, substrate used,
cofactors added, preincubation procedure or method of pre-

paration of mitochondria,.




Mitochondrial swelling

Tapley (1956) while studying the in vitro effects
of thyroid hormones on mitochondrial respiration and oxi-
dative phosphorylation, observed a decrease in optical
density frpm 0.5 to 0.2 at 520 mu of a suspension of mito-
chondria isolated from hepatic tissue of normal rats.

This change in optical density was interpreted as a
swelling of the mitochondria and suggested to Tapley (1956)
that this swelling, which might cause alterations in en-
zyme-enzyme organization, resulted in the uncoupling of
oxidative phosphorylation. Klemperer (1955a) also worked
with rat liver mitothondria and found that after the first
minute of incubation in serum medium, thyroxine was taken
up before any change in mitochondrial structure was obser-
ved. The first sign of mitochondrial swelling was obser-
ved only after three minutes. Thus, mitochondrial swelling
was probably not a direct effect of the hormone, but med-
iated by the release df some endogenous substance from
within the organelle. 1In fact, Wojtczak and Lehninger
(1961) demonstrated the release of a factor U, probably a
fatty acid, from liver mitochondria incubated with calcium
or thyroxine. These workers observed that the mitochon-
dria from which factor U was released, were also swollen.

Addition of ATP or serum albumin (which acts as a trap for
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‘factor U by virtue of its ability to bind fatty acids)

to swollen mitochondria, produced a shrinkage of thehmito—
chondria and disappearance of factor U. Wojtczak and
Lehninger (1961) concluded that both calcium and thyroxine,
when added to hepatic mitochondria in vitro, caused the
release of factor U, which in turn produced mitochondrial
swelling. Wolff and Wolff (1964) in reviewing the bic.
chemical effects of thyroid hormones have questioned the
physiological significance of the factor and its release in
mitochondria by thyroid hormones.

Tapley (1956) also investigated the swelling of
mitochondria from livers of hyper- and hypothyroid rats
and reported that the former swell more readily and the
latter less readily than preparations from normal rats,

However, Tapley and Cooper (1956a) demonstrated
that mitochondria fyom rat cardiac and skeletal muscles
were less sensitive than liver to both thyroxine and‘
triiodothyronine-induced swelling in vitro, although the
former tissues and especially cardiac muscle, when iso-
lated from thyroxine-treated rats, were responsive in
terms of oxygen consumption (Barker and Klitgaard, 1952),
In accordance with the failure of slices of spleen, brain
and testis to show any change in oxygen consumption in

thyrotoxic rats, essentially no swelling was produced by
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thyroxine or its analogues with the mitochondria from these
tissues. Zaimis et al (1969) confirming Tapley and Cooper's
work (1956a) on cardiac muscle, reported that thyroxine
treatment of heart muscle mitochondria in vitro had little
effect on the swelling of these organelles. Only mito-
chondria isolated from hearts of thyroxine-treated cats
showed small degrees of swelling,

The data presently available and the finding of
Tapley and Cooper (1956a), that thyroxine was capable of
inducing the in vitro swelling of hepatic but not cardiac
mitochondria at a concentration ten times lower than that
used to demonstrate uncoupling of oxidative phosphoryla-
tion in both tissues, cast doubts about the relationship
between the two phenomena.

Since uncoupling of oxidative phosphorylation in
vitro is induced by relatively large concentrations of
thyroxine or its.analogues (ranging from lO"6 to 5 x 107% M)
such a phenomenon could more rightly be termed a pharma-
cological response rather than a physiological mechanism
of thyroid hormone action. Tata (1964 ) demonstrated that
physiological doses of thyroid hormones were actually ana-
bolic and energy-conserving while pharmacological doses
produceduuncoupling, which is a catabolic and energy-—

wasting process.
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In addition, the conflicting evidence presented
above on mitochondrial uncoupling from both in vivo
(Martius and Hess, 1951; Zaimis et al, 1969) and in
vitro (Maley and Lardy, 1955; Hoch and Lipmann, 195} )
studies as well as the fact that other agents such as
2-,-dinitrophenol, which uncouple oxidative phosphory-
lation but fail to mimic fully the metabolic and physi-
ological effects of the thyroid hormones, discredit un-
coupling as the mode of physiological action of the thyroid
hormones.

Hoch's findings (1967), that stimulation of
mitochondrial respiration by small doses of thyroxine
(5.2 mug/g) in vivo occurred in the absence of demon~
strable uncoupling of oxidative phosphorylation or loose-
ning of respiratory control, confirm that some additional
mechanism of action of thyroid hormones must account for

the physiological effects observed,

Regulation of oxidative processes by thyroid hormones

Hoch (1962) proposed that thyroid hormones affect
the supply of biologically utilisable energy by altering
the rates of oxidative processes in the particulate or
soluble enzyme systems of the cell., He further stated
that the activity of oxidative enzymes could be changed

either by a direct chemical interaction between hormones
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and active loci on enzymes and this could explain the

in vitro effects of thyroid hormones on enzymes, or by
alterations in eénzyme concentration through increased or
decreased rates of synthesis of specific catalyzing pro-
teins, which could be the mechanism of the in vivo effect

of thyroid hormones,

In vitro effects of thyroid hormones on enzymes

(a) Citric acid cycle

Gemmill (1952) reported that addition of thyroxine
to an incubation mixture of rat kidney homogenate contain-
ing cytochrome C and succinate, augmented the rate of suc-
cinate oxidation. Clarke and Ball (1955) as well as Barker
and Lewis (1956) also demonstrated an increase in succin—
ate oxidation with the addition of either thyroxine or
triiodothyronine to rat heart homogenates. Simultaneous
inhibition of malate dehydrogenase activity was observed
in these homogenates.

In mitochondria, succinate is metabolized to oxal-
acetate, via a portion of the citric acid cycle (succin-
até —-———> fumarate —----> malate Négﬁ> oxalacetate), while
oxalacetate acts as a potent inhibitor of succinic dehy-
drogenase (Wolff and Wolff 1964). Wolff and Ball (1957)

were able to show that sufficient oxalacetate accumulates

i
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in the control experiment to account for inhibition of
succinic dehydrogenase and that thyroxine prevents this
by inhibition of malic dehydrogenase, Removalbof oxal-
acetate, e.g. by promoting transamination with glutamate
to form aspartate or by omission of NADT required for
malate dehydrogenase, can also relieve the inhibition
and thus eliminate the thyroxine effect.

Wolff and Wolff (1964 ) further demonstrated that
fumarase activity was not altered by thyroid hormones in
XEEEQ:. Hellerman et al (1960), working with the soluble
succinic dehydrogenase prepared from hog sarcosomes,
found that thyroxine was inhibitory with respect to the
dehydrogenase itself, This was in contrast to the action
of thyroxine as observed by Clarke and Ball (1955), Barker
and-Lewis (1956) as well as Wolff and Ball (1957) in stu-
dies of homogenates containing, in addition to succinate
dehydrogenase, malate dehydrogenase, fumarase and DPN,
Wolff and Wolff (1957) also demonstrated that thyroxine,
when added in vitro to purified malic dehydrogenase, pro-
duced an inhibition of this enzyme which is in agreement
with the studies using homogenates and mitochondria

(Clarke and Ball, 1955; Barker and Lewis, 1956).
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{b) Carbohydrate metabolism

Wolff and Wolff (1957) studied the in vitro
effects of thyroxine on a number of dehydrogenases ob-
tained from various sources, Crystalline preparations of
muscle glyceraldehyde—B—phosphate dehydrogenase and lactic
dehydrogenase as well as purified glucose-6-phosphate de-
hydrogenase prepared from yeast were all inhibited by
thyroxine addition in vitro.

The presently available evidence indicates that
in vitro thyroid hormones are primarily capable of in-
hibiting enzymes of the glycolytic, hexose monophosphate

shunt and citric acid cycle pathways.

In vivo effects of thyroid hormones on enzymes

(a) Citric acid cycle

Maley (1957), in attempts to correlate the in
Vitro and in vivo effects of thyroid hormones on sucecin-
oxidase, reported increases and decreases of hepatic suc-
cinoxidase éctivity under conditions of hyper- and hypo-
thyroidism respectively. Tipton et al (1959) confirmed
Maley's work in regard to the effects of thyroxine on
liver succinoxidase activity. In experiments in which
rats were fed propylthiouracil, an inhibitor of iodide

oxidation to iodine and iodination of monoiodotyrosine
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in the thyroid gland (Ganong, 1967), they demonstrated

a decrease in hepatic sucecinoxidase activity. When par-
tially hepatectomized propylthiouracil-fed rats were ad-
ministered various doses of thyroxine, increases in suc—
cinoxidase activity were found in the regenerating liver,
demonstrating that thyroxine was responsible for the main-
tenance of this enzyme in the liver of the rat. Gangloff
et al (1960), in attempting to elucidate whether the in—
creases in hepatic succinoxidase activity following thy-

roxine treatment were due to release of product inhibi-

tion by decreased levels of oxalacetate as reported for
in vitro studies (Wolff and Ball, 1957), found elevated 7!!

oxalacetate levels in liver and skeletal muscle of hypo-
thyroid rats while a depression was observed in the hy-
perthyroid animal, These results suggested that the in
vitro mechanism of thyroxine stimulation of succinoxidase
could also account for the in vivo effects.

Wolff and Wolff (1964 ) demonstrated that liver
and kidney slices obtained from thyrotoxic rats were
capable of enhancing the metabolism of citrate and fum-
arate when added in vitro. Fumarate oxidation was also
greatly enhanced by diaphragms from hyperthyroid rats
while mitochondrial preparations obtained from livers of

thyrotoxic rats rapidly oxidized exogenously added
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a-ketoglutarate. This evidence suggests an enhancement
of the activities of enzymes involved in the citric acid
cycle, in direct contrast to the in vitro effects of thy-
roxine on these enzymes, which have all been inhibitory,

(b) Carbohydrate metabolism

Dow and Allen (1961) studied the in vivo effects
of thyroid hormones on glycolysis. They found an increase
in glucose oxidation, by glycolysis rather than the pen—
tose phosphate pathway, in hyperthyroid rats subjected to
a labelled glucose load. Such an action of thyroid hor-
mones could be effected by altering the activity of key
enzymes of the glycolytic pathway,

Bargoni and Grillo (1967) demonstrated increased
activities of hexokinase, phosphofructokinase, aldolase
and phosphoglyceromutase in skeletal muscle and kidney
tissue of hyperthyroid rats.

Tata et al (1963) reported increased lactate de-
hydrogenase actiﬁity in hepatic tissues of hyperthyroid
fats.

Furthermore, Bargoni and Grillo (1967) showed that
”hypothyroidism caused a decrease in muscle pyruvate kinase
activity.

Krause et al (1967) alsorreported markedly depres-

sed activities of enzymes of the "phospho—trioseglycerate
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group", namely glyceraldehyde—B—phosphate'dehydrogenase,
phosphoglycerate kinase, glycerate phosphomutase and eno-
lase as well as the glycogen cycle enzymes, UDPG pyro-
phosphorylase, glycogen phosphorylase and glycogen syn-
thetase, from skeletal muscle of hypothyroid rats.
Triiodothyronine treatment to hypothyroid animals increas—
ed enzyme activities of both the "phosphotrioseglycerate
group" and the glycogen cycle. These workers concluded
that extramitochondrial enzyme pattern in muscle was at
least to some extent related to thyroid state, Further-
more, the disappearance and reappearance of the enzymes
studied under conditions of radiothyréidectomy and
triiodothyronine replacement was possibly the result of
hormone action at the genetic level,

Additionally, Glock and MclLean (1955) demonstrated
that hyperthyroidism was associated with increases in both
glucose-6-phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase activities in hepatic tissue. This is in
direct contrast to the in.vitro effeets of thyroxine
observed on glucose-6-phosphate dehydrogenase activity
(Wolff and Wolff, 1957),

It also'appears as though mitochondrial q-glycero-
phosphate dehydrogenase activity ié under thyroidal control.

Lardy et al (1960) and Lee and Lardy (1965) reportéd




19

_that the activity of mitochondrial a—glycerophosphate
dehydrogenase, which was markedly depressed in cardiac
and hepatic tissues of hypothyroid rats, was significantly
elevated following administration of a physiological
dose of triiodothyronine and rose to even greater
heights (2?00 percent of control) in the thyrotoxic
condition. The increase in enzyme activity was most
likely due to the de novo synthesis of new dehydrogenase
protein, for administration of ethionine, an inhibitor
of protein biosynthesis blocked the triiodothyronine-
induced increases. Sellinger and Lee (196L) further
showed that, when puromycin or actipomycin D were
administered along with triiodothyronine, hepatic
mitochondrial a-glycerophosphate dehydrogenase acti-
vity remained at basal levels, i.e. induction of this
enzyme by triiodothyronine was completely blocked.

'Lardy et al (1960) postulated that regeneration
of cytoplasmic NAD+ in hepatic tissue is dependent upon
the a-glycerophosphate shunt pathway, in which dihydroxy-
acetone phosphate is reduced to a-glycerophosphate by
a-glycerophosphate dehydrogenase, with NADH acting as a
- hydrogen ion donor in the cytoplasm, The a-glycerophos-
phate formed is reoxidigzed intramitochondrially to dihy— 

droxyacetone phosphate by mitochondrial a-glycerophosphate
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dehydrogenase. gt ions are thus funnelled from the cyto-
plasm into the mitochondria and then through the electron
transport chain. Since NAD+ is required as a coenzyme
for the reaction catalyzed by glyceraldehyde-B—phosphate
dehydrogenase in the Embden-Meyerhof pathway, under con-
ditions in which a-glycerophosphate dehydrogenase acti-
vity remains unchanged but glycolysis is accelerated, the
o-glycerophosphate cycle would limit the rate of sub-
strate oxidation at the glyceraldehyde-B—phosphate dehy-
drogenase step.

The available evidence indicates that experiments
in which thyroid hormones were added in vitro to either
tissue preparations or purified oxidative enzymes such as
glucose-6-phosphate dehydrogenase end lactate dehydrogen--
ase conflict with the results obtained when the activities
of these enzymes were assayed from thyroid—treated animals,
This implies that a direct reaction between the active
sites of individual oxidative enzymes and the thyroid hor-
mones does not occur in vivo. The available data suggest
that the finding of increased enzyme activity in vivo
following thyroid hormone treatment appears to be indirect
i.e. by the induction of enzyme synthesis rather than by

activation of pre-existing protein.
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Thyroid hormones and protein synthesis

Sokoloff and Kaufmann (1961) showed increased
rates of incorporation of labelled leucine—l-—C:u.P into
proteins of cell-free hepatic homogenates following incu-
bation with thyroxine. Hypo- and hyperthyroidism were
associated with decreased and increased rates of leucine
incorporation into proteins of rat liver respectively,

Additionally, Michels et al (1963) demonstrated
that kidney and heart tissues of hyperthyroid rats dis-
played elevated rates of amino acid incorporation while
spleen, brain and testis did not. In these experiments
the mitochondrial fraction as well as a substrate for
oxidation by the mitochondria were considered necessary
for increased incorporation. These investigators sug-
gested that thyroid hormones probably interact with mito-
chondria to release some factor that initiates an in—
crease in protein synthesis, since it had previously been
shown that even in the presence of an ATP-generating
system no significant change in amino acid incorporation
was observed in a cell-free preparation from hyper-—
thyroid rats. ‘ :

Bronk (1963) proposed that ATP was not required
for mitochondrial protein synthesis but that high energy

intermediates in the phosphorylation process might serve
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as, at least a partial energy source for the incorporation
process. His conclusions were based on experiments in
which rat liver mitochondria incorporated amino acids
into proteins either in the'absence of ATP or upon addi-
tion of inhibitors, which block terminal phosphate. addi-
tion during ATP synthesis.

Weiss and Sokoloff (1963) measured basal
metabolic rate and demonstrated that the hypermetabolic effect
in rats treated with thyroxine for six to thirteen days
could be reverséd two hours after puromycin was adminis-
tered,

Tata (1963) demonstrated that both the calori-
genic effect (BMR) and increase in body weight induced by

small physiological doses of triiodothyronine to hypothy-

roid rats, were greatly suppressed by actinomycin or puro-
mycin treatment. Since actinomycin D inhibits the DNA-
directed synthesis of mRNA (Reich, 1963) and puromycin
inhibits protein synthesis by forming a peptide bond bet-
ween the terminal carboxyl group of the growing peptide,
thus causing the release of the unfinished peptide chain
from the ribosome template (Yarmolinsky and De La Haba,
1959), the results obtained with these antibiotics squ
gest that thyroid hormones influence both the rate of

protein synthesis as well as oxygen consumption (BMR)
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and that the latter phenomenon is in some way associated
with the former,

Sokoloff et al (1964) in trying to elucidate
whether the thyroid hormone-induced increase in rat liver
protein synthesis was the result of nauclear stimulation,
found that there was no enhancement in labelled AMP in-
corporation into RNA although accelerated rates of amino
acid incorporation into proteins were observed., Addition
of either RNA polymerase or actinomycin D to the incuba-
tion medium was without any effect on the thyroxine-in-
duced amino acid incorporation into proteins. The results
of these studies suggested to Sokoloff et al (1964 ) that
the mechanism by which the thyroid hormones regulate the
rate of protein synthesis was independent of any action
at the gene level,

Hoch (1967) working with hepatic tissue, reported

that two minutes after injection of a physiological dose

of thyroxine to thyroidectomized rats, an increase in state
four respiration to normal levels occurred, while state

three respiration remained unchanged. The latter respiratory
state has been defined by Chance & Williams (1956) as the
active state of rapid respiration and phosphorylation, with
adequate supplies of substrate énd phosphatg acceptor being
present. In this state the level of cytochrome is maintained
constant while ADP levels change'over a wide range. The
former respiratory state (State ) ) may be considered as a

resting aerobic state, which is characterized by a low
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respiration rate even though substrate is present. In this
state the concentrations of both NAD+ and phosphate acceptors are
greatly reduced. Furthermore, thyroxine content in hepatic tis-
Sue as determined by the butanol-extractable and butanol-insoluble
iodine, was increased 550-fold, three hours after thyroxine in-
jection. Hoch (1967) was unable to demonstrate that the increased
OXygen consumption was the result of protein synthesis., He
therefore concluded that the primary action of thyroxine was
-on the mitochondrion but failed to explain how such an action
mediates the other biochemical effects observed, such as in-
creased protein synthesis. It is possible that the interaction
between thyroxine and mitochondria causes the release of
some factor from the organelle, which could then stimulate
protein synthesis. It would be of interest to study the

nature of such a factor and the mechanism of its release.

Stimulation of the nuclear matrix by thyroid hormones.

Tn their experiments with thyroidectomized rats, Tata
and Widnell (1966) demonstrated the sequential changes in
hepatic tissue resulting from a single injection of
triiodothyronine and Clh orotic acid. The first pheno-
menon observed was an increase in the specific activity of
rapidly labelled nuclear RNA beginning three to four
hours after hormone administration and reaching a peak
value of 300 percent of control at about sixteen hours.
During this time interval, the secohd.phenomenon,

viz. stimulation of the magnesium-activated RNA-polymerase
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reaction, was observed and this activity continued to
rise until forty-two hours after triiodothyronine was
administered. The third phenomenon reported was the rise
in the amount of cytoplasmic ribosomal RNA and an increase
in microsomal RNA/protein ratio at about twenty—-four to
thirty hours after the hormone was given, indicative of
an elevation in hepatic ribosomal RNA content. In view

of the sustained increase in the synthesis of nuclear RNA
and the net accumulation of RNA in the ribosomal fraction,
Tata concluded that administration of thyroid hormones
accelerates nuclear RNA synthesis as well as RNA transport
into the cytoplasm., It is interesting to note that an

enhanced incorporation of amino acids into hepatic proteins

was observed only thirty hours after injection of the
hormone which is the time at which the BMR begins to
rise.

Indeed, the triiodothyronine-induced stimulation
of nuclear material is reminiscent of similar actions pro-
duced by other hormones in liver as well as accessory sex
organs. Ui and Mueller (1963) reported increased incor-
poration of uridine H3 into uterine RNA two to three hours
after injection of estradiol-17B to ovariectomized rats.

Williams-Ashman (1965) demonstrated that prost-

atic and seminal vesicular tissues exhibit an increased
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sSynthesis of transfer, ribosomal and messenger RNAs
folloWing.testosterone injection. These phenomena were
the earliest detectable metabolic events observed in the
intact male. Early increases in RNA polymerase activity
of crude nuclear extracts of the prostate were also ob-
served after testosterone administration in vivo.

The glucocorticoids also appear to act via stimu-
lation of the nuclear matrix. Fiegelson et al (1962)
presented evidence that administration of cortisone ace-
tate produced a significant increase in P32 incorpora-
tion into hepatic RNA four hours after the hormone was
administered to rats. Their experiments further demon-

strated that cortisone induced the de novo synthesis of

purine as well as accelerated nucleotide condensation into
RNA.

From the’available evidence, it appears as though
hormones such as the estrogens, androgens and glucocor-
ticoids cause primary changes in RNA metabolism which
then result in secondary changes such as an increase'in
functional protein éynthesis,"viz. synthesis of rate-
limiting enzymes from different metabolic pathways;

Singhal et al (1967), Valadares et al (1968)
and Singhal and Valadares (1970) reported that the ac—

tivities of the key glycolytic enzymes, hexokinase,
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phosphofructokinase and pyruvate kinase were modulated
by estradiol-17p in thé uterus of the ovariectomized rat,

Additionally, Weber et al (1965a) reported signi-
ficantly augmented activities of two rate-limiting enzy-
mes of gluconeogenesis, namely glucose-6-phosphatase and
fructose-1-6-diphosphatase in the liver of the rat fol-
lowing administration of cortisone acetate, for three
days. These workers have proposed that the mechanism of
cortisone action involves a "turning on of the functional
genome unit" and this was responsible for the enhanced
activities of the key gluconeogenic enzymes.

It is conceivable that thyroid hormones may
stimulate certain genome units when administered in
physiological doses. By regulating the rates of synthesis
of specific functional proteins, viz. enzymes, these
hormones may be capable of controlling the rate of
oxidation of substrates along certain metabolic péthways.
The increased rate of glycolysis observed when thyroid
hormones are administered to hypothyroid or normal animals
is most likely due to the increased synthesis of enzymes
of the Embden-Meyerhof pathway. Such a mechanism could
also explain the paradoxical effects observed when hor—
mones are treated with enzymes in.vitro and those observed

in vivo,
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The results of Krause et al (1967) on the
priiodothyronineéinduced increases in enzyme activities
of the "phosphotriose glycerate group" and glycogen cycle
as well as Lardy et al (1960) on the activity of mitochon-
drial a-glycerophosphate dehydrogenase suggest a primary
action of thyroid hormones on the nuclear matrix with sub-
sequent increases in enzyme protein synthesis,

Since Glock and McLean (1955) as well as Bargoni
and Grillo (1967) demonstrated that the activities of
enzymes associated with the hexose monophosphate shunt and
glycolysis were increased in hyperthyroidism, it is quite
possible that ﬁhe increases observed were also the result

of new enzyme protein synthesis.




INTRODUCTION

Thyrotoxicosis is associated with a considerable
loss of body weight which is largely due to the protein
catabolic effect of thyroid hormones on tissues such as
liver and skeletal muscle (Tata, 1964).

One organ that does not appear to be thus affect-
ed is the heart, since cardiac hypertrophy results under
conditions of hyperthyroidism in rats and mice (Gemmill,
1958; Sandler and Wilson, 1959). Furthermore, Bressler
and Wittels (1966) demonstrated that cardiac hypertrophy
also occurs in thyroxine-treated guinea pigs and that
these increases in heart weight were not the result of
tissue edema but an increased rate of amino acid incor-
poration into proteins. Cohen et al (1966) after admin—
istration of thyroxine orally to mice for ten days, demon-
strated an increase in heart to body weight ratio as well
as an absolute increase in heart weight and reported that
dry heart weight to wet heart weight ratios were virtually
identical in control mice and in those fed thyroxine. In
addition, these workers found that the thyroxine-induced
changes in cardiac protein synthesis and heart weight
appeared to be a direct effect.of the hormone on cardiac
metabolism and not the result of cardiovascular changes,
since an increased incorporation of labelled leucine into

myocardial proteins occurred before any change in either
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heart rate or in the product of heart rate times arterial
pulse pressure was observed. 1In their experiments with
thyrotoxic guinea pigs Bressler and Wittels (1966) repor-
ted elevated levels of myocardial proteins, increase in
total cardiac RNA content and unchanged DNA levels in the
heart. The increase in RNA/DNA ratio above that observed
for controls and the changes in protein levels are indi-
cative of "true" hypertrophy of the organ in the hyper-
thyroid state, thus confirming the results of Cohen et al
(1966).

In the light of this information, thyroid hormones
may act primafily on the nuclear matrix of the myocardial
cell stimulating increased RNA synthesis, which then brings
about an increase in cytoplasmic, structural and functional

proteins as proposed by Tata (1964 ).

The purpose of the present investigation was to es—
tablish Whether triiodothyronine was capable of altering
the activities of certain key rate~limiting enzymes of
the glycolytic, hexose monophosphate shunt and the HT ion
shuttle pathways in heart muscle of the rat, since such
alterations could influence the rate of oxidation of
extramitochondrial substrates. In an attempt to elucidate
such a mechanism the activities of two of the key glycoly-

tic enzymes, hexokinase and pyruvate kinase, as well as
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glyceraldehyde—B—phosphate dehydrogenase; glucose-6-
phosphate dehydrogenase and 6-phosphogluconate dehydro-~
genase activities, both rate-limiting enzymes of the hex-
0se monophosphate pathway and the activity of the gt ion
shuttle enzyme, cytoplasmic a-glycerophosphate dehydro-
genase wefe investigated under -conditions of hypo- and
hyperthyroidism in the rat. In addition, the responses
of cardiac enzymes to varying doses of triiodothyronine,
when administered to hypothyroid animals were also stud-
ied. The nature of these changes in myocardial enzyme ac-—
tivities induced by altering the thyroid status of the
animal was also investigated by the use of inhibitors

of RNA and protein synthesis,




MATERIALS AND METHODS

Seven-week-old male rats of the Wistar strain
weighing initially between 125 and 150 g, maintained on
Master Laboratory chow and water ad libitum, were used

throughout this study.

Chemicals and doses. 3, 3', 5 triiodo L thyronine was

dissolved in 1.0 cc of 0.1 N NaOH and diluted with 0.9%
NaCl solution to result in solutions of 34, 68, 136,
200 and 250 pg per 0.1 cc and injected in doses of 3L,
68, 136, 200 or 250 kg per 100 g body weight intraperi-

toneally,

. . . . s 1
Radioactive, carrier-free iodine, 311, was ob-

tained from Atomic Energy of Canada and administered in a
single intraperitoneal injection of 800 ne/100 g body weight,
Control rats received injections of an equal volume of
the vehicle solution, 0,9% NaCl alone.

Cycloheximide was dissolved in 0.9% NaCl solution
and injected intraperitonealiy in a dose of 70 pg/100 g
body weight.

Actinomycin D was dissolved in 0.9% NaCl solution
and administered as a single intraperitoneal injection of
8 ug/100 g body weight.

Ethionine was first dissolved in warm physiologi-
cal saline solution and adjusted to pH 7., with 0.1 N

NaOH. The solution was injected intraperitoneally in two
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equally divided doses of 50 mg/100 g body weight at 8
hour intervals per day,

Puromycin was dissolved in 0.9% NaCl solution
and administered intraperitoneally in 4 equally divided
doses of 2.5 mg/100 g body weight at 4 hour intervals
per day.

When both inhibitor and triiodothyronine were
administered to the same animal, the inhibitor was in-
Jected one hour prior to hormone treatment. In the case
of puromycin and ethionine which were injected more than
once per day, T3 was also administered in a similar
sequence with these two inhibitors.

Sources of chemicals were as follows:
Cycloheximide (Upjohn Company of Toronto, Canada),
Actinomycin D and puromycin hydrochloride (Nutritional
Biochemicals of Ohio, U.S.A.),

D-ethionine, 3, 3', 5 triiodothyronine and all other
cofactors (Sigma Chemical Company,of St. Louis, U.S.4.)
and

Glucose-6-phosphate dehydrogenase, lactate dehydrogenase
and aldolase (Boeringer Mannheim Corporation of New

York, U.S.A.).
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Experimental procedure

On arrival animals were divided into two groups,
A and B,
Group A. 1In this group of rats, hypothyroidism was in-
duced by means of a single, intraperitoneal injectioﬁ
of 1311, 800 1c/100 g body weight. Eight to ten animals
were then housed in a single large cage and 4 to 6
weeks later were treated as described below,

Effect of radiothyroidectomy. To study the effect of radio-

thyroidectomy on cardiac hexokinase, pyruvate kinase, :
glucose-6-phosphate dehydrogenase, 6—phosphogluconate
dehydrogenase, a-glycerophosphate dehydrogenase and gly-

ceraldehyde-3-phosphate dehydrogenase activities, rats

131

were killed 4 to .6 weeks after T injection.

Effect of a single injection of triiodothyronine. 1In

an attempt to reverse the changes found in hypothyroid
rats, triiodothyronine was administered in a dose of
3L ng/100 g body weight and the animals were killed L8
hours later,

Actinomycin and cycloheximide inhibition of triiodothy-

ronine-induced enzyme responses. Since hormones appear

to affect enzyme activity at the level of protein syn-
thesis (Weber et al, 1965), the influence of two inhi-

bitors of protein biosynthesis, actinomycin D and
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cycloheximide was studied, Three groups of L to 7 hypo-
thyroid animals were used: (a) rats treated with a
single injection of triiodothyronine (34 Lg/100 g);

(b) triiodothyronine-injected animals given cyclohexi-
mide (70 pg/100 g); (c) rats treated with triiodothyro-
nine and actinomycin D (8 pg/100 g). Cycloheximide or
actinomycin D was administered one hour before
triiodothyronine injection and animals from respective
groups were killed 48 hours following injection of the
hormone,

Dose responSe studies with triiodothyronine. In an

attempt to investigate the effects of varying doses of
triiodothyronine, groups of radiothyroidectomized rats

1311 injection) were given single intra-

(6 weeks after
peritoneal injections of triiodothyronine (68, 136,
200 pg/100 g body weight) and killed after 48 hours.
Group B. Group B animals were permitted a period of 3
weeks for equilibration and then subjected to the fol-

lowing experimental procedures,

Effects of hyperthyroidism. The effects of hyperthy-

roidism on cardiac enzyme activities measured, were
studied by injecting rats with triiodothyronine (250
kg/100 g body weight) daily for 7 days., The animals were
killed on the following day.
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Effects of cycloheximide, puromycin and ethionine,

In order to examine the effects of inhibitors of protein
and RNA synthesis on the triiodothyronine-induced changes
of cardiac enzyme activities in hyperthyroid rats, 7
groups of animals were used: (a) euthyroid-control

rats; (b, ¢, and d) animals treated with cycloheximide
(70 pg/100 g/day), puromycin (10 mg/100 g/day), and
ethionine (100 mg/100 g/day) respectively; (e) rats
treated with triiodothyronine (250 ueg/100 g/day); (f,

g, and h) triiodothyronine-treated animals (250 ng/100 g/
day) given injections of cycloheximide (70 pg/100 g/
day), puromycin (10 mg/lOb g/day) and ethionine (100 mg/
100 g/day) respectively. All animals were treated

with the above drugs for 7 days and killed on the 8th
day.

Preparation of homogenates and supernatant fluids.A

Animals were stunned, decapitated and exsanguinated,

The béating heart was excised immediately, cleaned of

all extraneous tissue, including_the aorta, the atria
and pericardiﬁm and these were discarded. Both right and
left ventricles were blotted on filter paper, weighed
quickly on a Roller-Smith torsion balance, placed in
beakefs_chilled in crushed ice and minced finely with

scissors. The ventricles were homogenized in ice cold
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0.1, M KC1l, pH Tohy (5% w/v) for 90"seconds with a Teflon
pestle turning at 700 rpm., The supernatant was obtained
by centrifuging the homogenate for 30 minutes at 100, 000
x g at 0% using a refrigerated IEC model B-60 centri-
fuge. The activities of hexokinase, pyruvate kinase,
glucose-6-phosphate dehydrogenase, 6—phosphogluconate
dehydrogenase, a-glycerophosphate dehydrogenase and gly-
ceraldehyde-3-phosphate dehydrogenase were all determined
in the supernatant fraction as described below.

Measurement of basal metabolic rate (BMR). In order to

establish the degree of hypo- or hyperthyroidism as well
as the effects of various inhibitors of protein and RNAA
synthesis on T3-induced thyroxicosis, basal metabolic
rates were determined by the method of Watts and Gourley
(1953). The apparatus used consisted of an air tight
cylindrical vessel 23 cms long and 9 cms in diameter made
of plexi-glass, open at one end and divided into 2 com-
partments by a wire mesh, which brevented a small animal
from coming in contact with soda lime located below.

The respiration chamber was closed by means of a rubber
cork in which was located a 10 cc pipette with the
tapered end removed. To:determine the .oxygen consumption
of a rat, the animal was first anesthetized by an in-

traperitoneal injection of Na pentobarbital (20 mg/kg)
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and then placed in the respiration chamber,lmaking sure
that the animal did not come in contact with the soda
lime. The chamber was flushed with oXygen and after wet-—
ting the walls of the pipette with Soap solution, it was
fitted to the vessel by means of the rubber cork., After
waiting 5 minutes for temperature equilibration, a film
of soap was wiped across the end of the pipette, As

the rat utilized oXygen and the carbon dioxide was ab—
sorbed by soda lime, the soapy film moved up the pipette
in proportion to the rate of oXygen consumption and the
time taken for the bubble to traverse a 5 ml volume was
measured with a stop watch., Five determinations were
made with the animal resting quietly in the cage and the
mean was used for calculation, BMR was expressed as cca

of 0, consumed/h/g animal,

Biochemical Procedure,

Enzyme assays. Enzyme activities were assayed under

strictly linear kinetic conditions. The rate--of fqrma—
tion of reduced coenzyme or of its reoxidation was mea-
sured at 340 my in a Unicam model SP800 constant record-
ing spectrophotometer at 37°C. The components for the
reaction mixtures are all given in the order of their

addition,
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Hexokinase activity was assayed by a modification of
the method described by Di Pietro and Weinhouse (1960).

The principle behind this reaction is as follows:-—

H,O
Glucose ——it- > GéPasgéEdh—€> 6-P-gluconic acid
[ Mg i
ATP ADP NADP NADPH

The rate of formation of reduced NADP indicates the ac-
tivity of hexokinase. The assay medium contained the
following in a total volume of 2.5 ml at the designated
final concentrations: 50mM glycyl-glycine buffér, PH
7.5; 5mM magnesium chloride; 5mM ATP; O.75mM NADP;
2.0mM cysteine; 100mM glucose and 1.43 pg protein of
glucose-6-phosphate dehydrogenase., This was preincu-
bated for 3 minutes and the reaction was initiated by
the addition of supernatant fluid corresponding to 5.0
mg wet weight of the heart. Changes in optical density
were read against a blank which contained neither ATP
nor glucose and water was added to substitute for these
two reagents,

Pyruvate kinase activity was assayed by a modified pro-

cedure of Weber et al (1965). The principle behind this

reaction is as follows:




40

PK LDH
PEP TT >Pyruvate >Lactate
[V N
ADP | +

ATP NADH+HT  NAD

The rate of formation of NAD+from NADH is an indication
of pyruvate kinase activity. The reaction mixture con-
tained the following components at the given concentra-
tions in a final volume of 3.0 ml:

Tris buffer, pH 7.4, 41.7mM; magnesium sulphate, 6,3
mM; potassium chloride, 25mM; phosphoenol pyruvate,
5.3mM; ADP, 1,3mM; NADH, 0.22mM; and lactate dehydro-
genase, 0.1 mg protein., After 3 minutes of incubation
the reaction was started by adding supernatant fluid
corresponding to 0.5 mg wet weight of cardiac tissue.
Changes in optical density were recorded against a blank
in which water was substituted for phosphoenol pyruvate.
The reaction rate was found to be linear for a period of
at least 5 minutes,

Glucose~6-phosphate dehydrogenase and 6-phosphogluconate

dehydrogenase activities were assayed by a modification

of the method originally described by Glock and McLean
(1953). The principle behind this assay method is as

follows:




Ll

G6Pdh 6PGdh
GOP~—— s >0-P-gluconic acid ——mm—o >6-P-gluconolactone
g
NADP + H'  NADPH NADP NADPH

The assay medium consisted of the following in a total
volume of 2.5 ml at the designated final concentrations:
glycyl-glycine buffer, pH 7.5, 50mM; MgClz, 7. 5mM; '
glucose-6-phosphate, 2,0mM; 6-phosphogluconic acid, 2.0
ml and NADP, 0.75mM. This mixture was incubated for 3
minutes and the reaction was initiated by the addition
of the supernatant fluid corresponding to 20 mg wet *
weight of the heart. The rate of formation of NADPH,

in the presence of both glucose-6-phosphate and 6~phos-—
phogluconate, measures the activities of both glucose-6-
phosphate dehydrogenase and 6-phosphogluconate dehydro-
genase. However, in the presence of 6—phosphog1uconate
alone, the rate of formation of NADPH indicates the ac—
tivity of 6-phosphogluconate dehydrogenase only, Glu-
cose-6-phosphate dehydrogenase activity was calculated
by difference. Changes in optical density were read
against blanks which contained neither glucose-6-phos-
phate nor 6-phosphogluconate for measuring both enzyme
activities together as well as 6—phosphogluconate dehy-

drogenase. The reaction rate was found to be linear
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after the first 2 minutes for a period of at least
10 - 12 minutes.

The activity of a—-glycerophosphate dehydrogenase.

was determined by a method originally described by
Freedland (1967) and Freedland et al (1968). The prin-

ciple behind this reaction is as follows:-

Aldolase a.~GPdh
FDP——]7=-4>DHAP ------ a—glycerophosphate
G3P NADH + BT~ napt

The rate of formation of NADT is an indication of the
activity of a-glycerophosphate dehydrogenase, The re-
action mixture contéined the following componehts at the
given concentrations in a final volume of 3.0 ml: Tris
buffer, pH 7.4, 33.3mM; NADH, 0.22mM; aldolase, 50 pg
of protein; supernatant fluid corresponding to 10.0 mg
fresh weight of tissue; and fructose-l-6-diphosphate, 36
mM. The reaction mixture was incubated for 3 minutes
before the a-glycerophosphate dehydrogenase reaction was
started by the addition of fructose-l-6-diphosphate.
Changes in optical density were recorded against blanks
which contained no fructose—i—6—diphosphate. The re-
action rate was found to be linear after the first 2

minutes for a period of at least 5 minutes,
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Glyceraldehyde-3-phosphate dehydrogenase activity was

assayed by a modified procedure of Freedland (1967) and
Freedland et al (1968). The principle behind this assay

method is as follows:-

Aldolase G3Pdh

>G3P >3phosphoglyceric acid
/ [ASO \

DHAP NAD + H50 NADH

In this reaction, the conversion of glyceraldehyde-3-
phosphate to 3-phosphoglycerate is non-reversible in the
presence of arsenic salt. The rate of formation of re-
duced NADT indicates the activity of this enzyme., The
assay medium contained the following components at the
given concentrations in a final volume of 3.0 ml: gly-
cine buffer, pH 9.0, 27mM; magnesium sulphate 3. 5mM;
sodium arsenate, 17.0mM; NAD, L.2mM; cysteine, 2omM;
aldolase, 50 pg of protein; supernatant fluid corres-—
ponding to 5 mg of fresh tissue; and fructoée—l—é—diphos—
phate, 36mM. The reaction mixture was incubated for 3
minutes Before the glyceraldehyde-3-phosphate dehydrogen-—
ase reaction was initiated by the addition of fructose-1-
6-diphosphate. Changes in optical density were recorded
against blanks which contained no fructose-1-6-diphosph-

ate, The reaction rate was linear after the first 2
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minutes for at least 5 minutes,

All enzyme activities were expressed in two
ways: as [L moles of substrate converted per hour per
gram fresh weight of tissue at 3700; and as p moles
of substrate metabolized per hour per gram fresh weight
of tissue at 37°C times the welght of the ventricles.
The data were analyzed statistically and significant
differences between the means were calculated as P
values. No statistical difference is indicated when

the P value was <0.05.




RESULTS

Influence of inhibitors of RNA and protein synthesis

on basal metabolic rates of T3-treated rats.

The data presented in Table 1 shows the effects of
altered thyroid states and inhibitors of RNA and
protein synthesis on the basal metabolic rate of
male rats. Hypothyroidism, induced by a single in-

Jection of 131

I, produced a significant decrease in
BMR after 4 weeks to 46% and hyperthyroidism, indu-
ced by dally injections of 250 ug/100g of T3 for

one week, caused an elevation to 159% of that obser-
ved for euthyroid animals. Administration of puro-
mycin or ethionine to triilodothyronine-treated rats
completely blocked the hypermetabolic effect of T3.
Cycloheximide did not completely block hyperthyroi-
dism induced by T3 (135%), possibly due to the low
dose used.

Effects of inhibitors of RNA and protein syn~

thesis on heart and body weights in T3-treated hypo~

thyroid rats.

The heart and body weights of radiothyroidectomized

rats, hypothyroid rats injected with a 34 pg dose

of T3, and T,-treated rats injected with the protein

3

inhibitors, actinomycin D and cycloheximide, are




TABLE 1
The results represent means + SE. Hypo-
and hyperthyroidism were induced by a single
intraperitoneal injection of 1311 (800 pc/
100 g body weight) and administration of tri-
iodothyronine, 250 pg/100 g body weight per
day for seven days respectively. Cyclohexi-
mide was administered in a single dose of
70 pg/100 g/day; puromycin (10 mg/100 g)
was injected in 4 equally divided doses at
, hour intervals each day; ethionine (100 mg/
100 g) was given twice daily at 8 hour in-
tervals. Each inhibitor was injected intra-
peritoneally one hour prior to triiodothy-
ronine injection. Animals of groups III, IV,
V and VI were treated for seven days and
killed on the day following. Euthyroid rats
received an equal volume of the vehicle sol-
ution., The basal metabolic rate is expressed
as the volume of 0, (cc) consumed per hour
per gram under light pentobarbital anesthesia
at 27° C. Data are also given in percentages

taking the values of euthyroid rats as 100%.
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TABLE 2

Data represent means * SE. Cyclohex-
imide (70 ng/100 g) and actinomycin D
(8 ng/100 g) were injected one hour
prior to triiodothyronine (34 ug/100 g)
administration and animals were sacri-
ficed 48 hours after hormone treatment.
All drugs were injected intraperitoneally.
Euthyroid rats received injections of .
an equal volume of physiological saline.
Data are also given in percentages tak-

ing the values of euthyroid rats as 100%.
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shown in Table 2. Both heart and body weights were
significantly decreased after 4 weeks of hypothy-
roidism, However, a greater decrease in heart weight
occurred and this was reflected in a lowering of the
heart to body weight ratio. Administration of a
single injection of Ty (34 pg) to animals, which were
radiothyroidectomized four weeks earlier, produced
significant increases in heart but not body weights
which was manifest by a rise in the heart to body
weight ratio approximating the normal range. Where-
as actinomycin D completely blocked thé T3—induced
increase in heart weight of hypothyroid rats and also
lowered significantly the body weight o6f these ani-
mals, cycloheximide was without any effect on these
two parameters.

Influence of T,, cycloheximide and actinomycin
~

D on cardiac enzyme activities in hypothyroid rats.

The data on the effects of hypothyroidism, T3 re—
placement as well as actinomycin D and cycloheximide
on cardiac hexokinase.(HK), pyruvate kinase (PK),
glucose-6-phosphate dehydrogenase (G-6Pdh), 6-phos-
phogluconate dehydrogenase (6-PGdh), a-glycerophos-
phate dehydrogenase (a-GPdh) and glyceraldehyde-3-
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phosphate dehydrogenase (G=3Pdh) activitiles are pré—
sented in Tables 3, U4 and 5 respectively. Decrea-
ses in all cardiac enzyme activities, whether ex-
pressed per gram tissue or per total organ, were ob-
served following radiothyroidectomy. With the excep-
tion of HK, which was decreased to 20% of control
values when expressed per organ, all other enzymes,
PK, G-6Pdh, 6-PGdh, 0-GPdh, and G-3Pdh were deple-
ted to about 40% of euthyroid vélues. With a singie
injection of T3 (34 ug), small but significant in- |
creases in the activities of the two glycolytic en-
zymes, HK and PX, to 33% and 53% respectively, the
pentose phosphate enzymes, G-6Pdh to 76% and 6-PGdh
to 70% as well as o-GPdh to 82% of euthyroid values
were observed U8 hours after hormone treatment.
When compared to hypothyroid values, HK activity was
increased by 65%, PK by 29%, G-6-Pdh by 81%, 6-PGdh
by 63%, a-GPdh by 95% and G-3Pdh by 28%. G-3Pdh ac-
tivity, although slightly increased by T3 to 55% of
contrgl values was not significantly different from
hypothyrold values.

The effects of two antibiotics, actinomycin D

and cycloheximide, on the T3—induced increases in




TABLE 3
The results represent means i SE. Cyclo-
heximide (70 ng/100 g) and actinomycin D
(8 ﬁg/lOO‘g) were injected one hour prior
to T3,(34 pg/100 g) administration and
animals were killed U8 hours after hormone
treatment. All drugs were injected intra-
peritoneally. Euthyroid rats received
injections of an equal volume of 0,9%
NaCl. Cardiac hexokinase and pyruvate
kinase activities are expressed as ﬂ
moles of substrate converted per hour
per gram as well as ﬁ moles of substrate
metabolised per hour per gram (fresh
weight) of heart times the welght of the
organ, Data are also given in percent-
ages (in parentheses) taking the values

of euthyroid rats as 100%.
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TABLE 4
Data represent means # SE. Cycloheximide
(70 pg/100 g) and actinomycin D (8 ﬁg/
100 g) were injected one hour prior to T3
(34 pg/100 g) administration and animals
were killed 48 hours after hormone treat-
ment. All drugs were injected intraperi-
toneally. Euthyroid animals received in-
Jjections of an equal volume of physio-
logical saline. Glucose-6-phosphate
dehydrogenase and 6—ph03phogluconate de-
hydrogenase activities are expressed as
ﬁ moles of substrate converted per hour
per gram as well as ﬁ moles of substrate
metabolised per hour per gram (fresh
weight) of heart times the weight of the
organ. Data are also given in percent-
ages (in parentheses) taking the values

of euthyroid rats as 100%.
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_TABLE 5
Data represent means + SE. Cyclohexi-~
mide (70 pg/100 g) and actinomycin D
(8 pg/1l00 g) were injected one hour
prior to T3 (34 pg/100 g) administra-
tion and animals were killed 48 hours
after hormone treatment. All drugs
were injected intraperitoneally. Euthy-
roid rats received injections of an equal

volume of physiological saline. Cardiac

a-glycerophosphate dehydrogenase and
glyceraldehyde-3-phosphate dehydrogenase
activities are expressed as p moles of
substrate converted per hour per gram

as well as p moles of substrate metabol-

ized per hour per gram (fresh weight) of

heart times the weight of the organ, Data

are also given in percentages (in parentheses)

taking the values of euthyroid rats as

100%.
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enzyme activities of hypothyroid rats were also inves-
tigated. Whereas administration of 34 pg of T3 en-
hanced the activities of HK from 20% to 33% and a-GPdh
from 42% to 82%, cycloheximide partially inhibited
the T3-induced increases in the former and latter en-
zyme activities to 28% and 60% of euthyroid values
respectively. When compared to T