Biochem. J, (1972) 128, 597-604
Printed in Great Britain

Effects of Hypo- and Hyper-Thyroidism' on Liver Composition,
Blood Glucose, Ketone Bodies and Insulin in the Male Rat

By ANA ARANDA, ELADIO MONTOYA and EMILIO HERRERA

Deparsamento de Endocrinologia Experimental, Instituto G. Maraiion del Consejo Superior de Inrestigaciones
and Catedra de Fisioiogia Animal, Facultad de Ciencias, Universidad Complutense de Madrid, Madrid-3,

Spain
(Receired 22 November 1971)

1. Thyroidectomized rats injected daily with 0, 0.1, 2 or 25 g of L-thyroxine/100 g body
wt, were compared with iatact controls. In plasma, the protein-bound jodine was
decreased in the rats given the 0 or 0.1ug doses and increased in those given the
25ug dose. 2. Blood glucose decreased in those given 2ug and wus augmented in
those given 25 ug, and ketone bodies were the same in all the groups. 3. Plasma insulin
was fowest in the rats given the 0 or 0.1 ug doses and was highest in those given the 2 or
25,18 doses of thyroxine. 4. Afier 48h starvation, the decrease in bicod glucose and
increase in ketone bodies observed in all the groups was greatest in the group not supple-
mented with thyroxine. 5. Plasma insulin concentrations remained at the value for fed
aaimals in the rats given the 25 ug dose of thyroxine but decreased in the other groups.
6. In fed animals, concentrations of hepatic DNA P, citrate, total fatty acids and
acetyl-CoA were similar in all the groups, and glycogen was low only in the rats given
the 25ug dose of thyroxine. 7. After 48h starvation, liver DNA P, total fatty acids and
acety-CoA increased in all the groups, except in the rats given the 25ug dose, where
both total fatty acids and acetyl-CoA remained at the value for fed animals. Liver
citrate did not change in the groups given the 0 or 25 ug doses of thyroxine, but decreased
in the other groups. 8. The results are discussed in relation to the regulation of

intermediary metabolism in hypo- and hyper-thyroidism,

The influence of thyroid hormones on intermedi-
ary metabolism is not completely understood. When
the supply of thyroid hormones to the tissues is
inadequate, oxidative processcs, energy expenditure
and thermogenesis are decreased. In most instances,
the turnover rates of metabolites are slower, and
final steady-state concentrations depend on the estab-
lishment of a new equilibrium between decreased
anabolism and diminished catabolism, as has been
reviewed by Metzger & Freinkel (1971). Plasma con-
centrations of free {atty acids afier short periods of
starvation in hypothyroid subjects are low or normal
{(Hamburger er ofl., 1963; Harlan er al., 1963). In
hypothyroidism there is a decrease in gluconeo-
genesis (Menahan & Wieland, 1969) and a diminished
glucose utilization in some tissues (Shames ef al.,
1968), although in others, such as in adipose tissue,
glucose utilization does not seem to differ from that
in normal subjects. (Bray & Goodman, 1968), and
concentrations of fiver glycogen and blood glucose
are normal in the fed state or after & short period of
starvation (Lamberg, 1965; Metzger & Freinkel,
1971).

Hyperthyroidism is also associated with alterations
in the metabolic interrelationships between carbo-
hydrate and fat metabolism (Freinke! & Metager,
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§971). It has been demonstrated that there is an
enhanced turnover of stored lipids (Bressler &
Wittels, 1966; Frey, 1967), glucose svnthesis
(Freedland & Krebs, 1967; Menahan & Wieland,
1969) and glucose ulilization (Rabinowitz &
Myerson, 1967). Thus hepatic gluconeogenesis, keio-
genesis and lipogenesis are the most altered pathways
during changes in thyroid function. These pathways
are possibly influenced by the regulatory effects that
the content of ucetyl-CoA and citrate {Newsholme &
Gevers, 1967; Lowenstein, {968) can exert on certain
enzymes. The steady-state concentration of some of
these metabolites in the starved rat has been evalu-
ated in an attemdt Lo understand the regulation in
viro of the above-mentioned pathways when food is
withheld (Herrera & Freinkel, 1968). It is the purpose
of the present work to investigate the efiect of changes
in'thyroid function on these parameters and on liver
composition in fed and 48h-starved rats.

Materials and Methods
Animals

Young male Wistar rats weighing 50-60g were fed
on a medium-residue, low-iodine diet (0.04-0.09 g
of iodine/g) (Escobar del Rey e1 al., 1968), surgically
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thiyroidectomized (Zarrow et al., 1966) and injectéd -
daily intraperitoneally thereafter with 0, 0.1, 2 of

25 g of L-thyroxine/100g body wt. for 43-61 da
after which they wers killed. They were |

with age-matched intact male controls under the -~

same diet supplemented with 1.7pg of KIOy/g and-
injocted daily with 0.99, NaCl during the same
period of time,

Ammlsmhlhdby&capimﬂmamlmﬁmm ’

anaestbesia between 10a.m. and noon. Blood was
collected into heparinized chilled beskers and a
pwceofﬁmwuphcedmhqmdﬂ,lnlmthmms
from decapitation,

Blood components

Immediately afier collection, & sample of blood
was placed ia ioocold water, deproteinized with
Ba(OH); ~-ZnSO, {Somogyl, 1945) and analysed for
glucose (Huggett & Nixon, 1957) and total ketono
bodies (Bessman & Anderson, 937} Imouno-
reactive insulin was measured in the plasma by a
double-aniibady technique (Hales & Randle, 1963)
by using a radiogctive insulin kit obtained from The
Radiochemical Centre, Amersham, Bucks,, {1.K. Rat
insulin (kindly given by Novo Industries, Copen-
hagen, Denmark) was used as stendard. Plasma was
poaled for ¢ach group and frozen for determination
of the protein-bound iodine by a2 modifizd Zak pro-
cedure (Benotti & Benoiti, 1963).

Analysis of lper

Portions of the frozen liver wers snalysed for

protein by the procedure of Lowry #f al. (1951) aiter
alkali digestion, with bovine serum albumin as
standard. Separately weighed portions of frozen
liver were digesied with KOH for precipitation of
glycogen with ethano! (Good #f o, 1933). The
precipitates were solubilized in water and reprecipit-
ated twice with ethanol for purification before acid
hydrolysis (2.58-H50,; 2h; 100°C) and were then
assayed enzymnizally with glucose oxidase (Huggett
& Nixon, 1957). Ancther portion of frozen liver was
extracted with 28vol. of chloroform-methanol (2:1,

viv). The lipid exiracts were purified by the method of

Folch et al. (1957}, One sampie was used 1o detenmine
lipid P (Fiske & Subbarow, 1925} afler digestion
with 72% (vfv) HC IO, as described by Freinkel
{1958). A sccond sample was svaporated to dryness
under N, at 45°C, saponified with 1m-KOH in 959
{v/¥) ethanol for 2h at 100°C and the tolal fatty acidse
were extracted into heptane after acidification. Final
heptane extracts were evaporated to diyness under
N; at 45°C and resuspended in chiloroform for
determination of fatty acids by the racthod of
Duncombe (1963). DNA
residual pellet after jipid exiraction (Schmidt &
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Thannhauser, 1945); inorganic P was determined
“(Fiske & Subbarow, 1925) after digestion with 729

HCIO.

Aoetyl-CoA. was Jdetermined in the extract of
snother sample of the frozen liver with an Eppendorf
recording fluorimeter (Herrera & Freinkel, 1967).
Another sample from the same tissue extract as that
used for the determination of acetyt-CoA way used
for measurement of citrate (Moellering & Grubex,

1966).

Resuits

Circulating components in rats of different thyroidal
atatus

When rats were thyroidectomized ut the end of
weaning, and fed on & low-iodine diet for 45-61 dxys
until they were killed, they showed a great decrease in
plastna proteln-bound iodine conceatration when
compared with their ggs-matched intact controls on
the same diet (Yable ). The daily injection of -
thyroxine (0.1 «g) administered to the thyroidectom-
jred animals doubled their plasma protein-bound
iodine and, although statistical analysis {8 not possible
because pooled samples were used, this parameter
remained fower than in the controls. The difference
feom the controls was smaller when the thyroidectom-
fzed rats were (reated with 2ug of thyroxine (Tablo
1). The injection of 25ug of thyroxine into thyroid«
ectomized ratz produced a rise in plasma protein-

~ bound insulin up to values more than twice that in the

controls (Table 1). Starvation for 48h altered the
absolute valuzs for most parameters, but the relative
differences between the groups remained the same as
in the fed state (Table 1).

When the animals were {ed, blood glucose was the
same in the thyroidectomized rats ireated with either
0 or 0.1 ug of thyroxine, lower in animais treated with
248 and higher in those treated with 25ug than in
the intact controls (Table 1). After 48h of starvation,
blood glucose concentration fell in ali the groups, but
the greatest fall was observed in the thyroidectomizad

Jrats treated with 0 or 0.1pg of thyroxine and the
smailest fall occurred in those rats treaied with 28ug

of thyroxine, the differences from the controls being
statistically significant (Table 1).

Blood ketone-body concentrations in the fed
arimals were gimilar in all the groups (Table {).
Starvation made this parameter increase ia ail
groups, but the value oblained in the thyroidertom-
ized animals, not treated with thyroxine, was higher
{#<0.03) than ia the corresponding conirols, whereas
the other groups did not show significant differences
from the intact animals (Table 1).

Plasma conocentrations of insulin in the fed,
thyroidectomized rats treated with either 0 or 0.3 g
of thyroxine were lower than in the controls (P<0.02)

w2 -
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Table 1. Effect of thyroidectomy and treatinent witk Lthyroxine on blood comporents In the rat

Rats were thyroidectomized afier weaning and injected daily intraperitoneally with different doses of Lthyroxine for 45-61 days. They were then
killed by decapitation. The results are given as means::8.8.M. with the numbee of animals in sach group shown in parentheses, except where analyses
" were made on a poo! of samples from all the animals in the group. P refers to the differences betweea fed and 48h.starved groups and P to the
diﬁmnubameachgroupmdnsmpmwwmmlunderﬂwmdwmywums notmﬂmt.l.e.l’ou‘som) QOther details are
zivcnintheMttuiakmdMethoduecﬁon.

- Piasma protein- - Rlood ketone
bound fodine  Blood glizcose . bodies Plasma insolin |
(ug on-ﬂmomelloog body wt.) Dietary status - (ug/100mD (mg/100ml) ) 4 {panolfnl) » {uunits/ml) 4
Intact controls (0) Fed 69(11) 10412 (10) LY Y¢E)] Hre(n
48h-starved 3241 - B+4(1l) . 20:£02(13) 34:+3 (11
P<0.001 : P<0.001
Thyroidectomized (0) Fed 0.3(8) 9614 (5) NS. 05 3327 ® <002
43 h-stacved 04 (6) 47:4(11) <0001 27£02(13) <0.05 2343 (6) <0085
: . P <0001 : ' NS '
Thyroidectomized (0.1) Fed 0.6(13) 9444 (12) NS 0.6(12) 4243 (13) «<0.02
48 h-starved 1.1 {13) 5942(13) <008 25403(i5) NS. - 2712 (13) NS
) P<0.001 : P<0.001
Thyroidectomized (2) © Fed 59(% 974209 <005 0.7(%) . 86x11(9) <003
. 48h-starved 6.7(6) 681+3(S5) NS, 24202(" NS. as+5 (5) N.S.
, P<0.001 P<0.01
Thyroidectomized (29) | Fed 134 (8) 116+4(8) <0.08 0.4 (8) 034158 <0.0t
48h-starved 15.6(8) 50+4(D <001 1.5202(0) N.S. 80+17(® <0.01

P<0.001 . N&S.
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and this would agree with the decreased secrétion of. - -
insulin in hypothyroid rats reported by Malaisse et af.” ~

(1967). However, when the thyroidectomized rats
were treated with 2pg of thyroxine they showed
higher concentrations of plasma insulin than did the
controls (P<0.05), and this difference was even
greater when they were treatcd with 25 ug of thyroxine
- (P<0.01). After 48h starvation the plasma insulin
concentration fell in all groups when compared with
fed rats, except in the thyroidectomized rats treated
with 25ug of thyroxing, where it did not change
sigoificantly (Table 1), On comparison with the
starved controls, the plasma insulin concentration of
thyroidectomized rats was lower (P<0.001); when
they were trcated with 0.1 or 2ug of thyroxin: it
remained the sam:, and it was higher in those
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éompnred with the controls. Starvation for 48h

_caused the body weight to fall in all the groups

{(P=0.001}, but the relative differences between the
groups remained as in the fed groups. These changes
with starvation are not shown in Tuble 2 because the -
fed and starved animals were not taken from the
same groups of rats.

Paralle! changes to the body weight are found for
the absolute liver weight and the lver weight ex-
pressed per 100g body wt. in the ti roidectornized
rats {reated with €, 0.1 or 2ug of fiiyroxine, com-
pared with their intact contrels (Table 2). Liver
weights of the thyroidectomized znimals injected
with 25ug of thyroxine are the same for {ed animalis,
and greater for starved animals than *heir respective
controls. When the liver weights are expresse’ per
100g body wt., the thyroidsctomized snimals ine

animals injected with 25 g (P «0.01).
: Jircted with 25ug of thyroxine have bigger livers than
thair controls in either dietary condition (Table 2).
Those differences in jiver weight prompied a study of
DNA P as an index of cellularity (Table 2). The
concentration of DNA P was the same in ali the
groups when fed. After 48 h sta. vation the concentra-
tion of DA P rose in all the groups, and the rise
was most proncunced in the thyroidectomized rats
not treated with thyrozine, As on cther occasions

the time the ammal (Herrera & Freinked, 1968; Herrera of al., 1965) the -
of 8.1 pg of thyros cly wt. vas sufficient to toral amount of DINA P in the whole liver was found
The weight became t be the same in starved as in fed animals, sugpest-
n the thyroidestom- ing that there was o change in the totz] number of
i with 73 of thyroxine/100g cells, Phospholipid P was not differco in the fed

body wt. (Tabi: Howevar, treatment of the thyroidectomized rais treated vith G, C.1 or 2ug of
thyroidectomiz nimaia with Zf«,ug of thvroxine/ tryma..necmmpau.d with their controls, but increased
100g body wi. cxused a diminution of body weight ia those rats injected with 25 ug of thyroxine. After

Effect of thyroldectomy and
on the body and liver weigi

reatment With L-tiyroxing
and Keer compasition

Results are su nnurs:ﬁé in Table 2. Although
et v there were no differences in
body w =i in the ¢ “wrent groups, the
woighit of the thyroid  unized zmimals was 539.2%
fower than that of the ot conlrods (£ <005) at

ed, The daily injection

i
E

el m thot o
ized rats w‘ m,‘

Table 2. Effect of thyroidectomy and treatment with L-thyroxine

Rats were thvroidectomized after weaning and injocted daily intraperitoneally with different doses of L-thyroxine for 45-61 days.
with the number of animals in each group in parentbeses. P refers to the differences between fed and 48h-starved groups and P
P or F'>0.05). Other details are given in the Materials and Methods section.

Group Distary Body wt, Liver wt, Liver wt, (g/100g
(g of L-thyroxine/100g bocy wi.) siatus (g} f (8 ) 4 body,wit.) »
Intact controls (0} Fed 271 5) 10.9+£0.7(9) 4.63+0.2(9)
4% h-starved 241 £ 16 (6) 694047 N 2.8+0.0(6)
NS. P<000l - ° P<0.001
Thyroidectomized (0) Fed 97+6(%) <0001 3.5+02(9) <0001 35:+02(7) <0.001
48 h-starved 343 (T <0.001 21:01(7 <0001 26+01(7) <002
N.S. P<0.00% P<0,001
Thyroidectomized (0.1) i Fed 183£8(N) <0001 6.1+05() <0001 38+03(H <005
48hestarved  15944(7) <0001 3.740.1(7) <0001 2430.1(7) <«<0.001
. N.S. P<0.001 P<0.00!
Thyroidectomized (2) Fed 244121(6) NS. 11.0£05(6) NS. 350+04(6 NS.
48h-starved  237+£13(5) NS 7.1204(5) NS. 31£03(5) NS,
.S. P<0.001 P<001
Thyroidectomized (25) Fed 19249(8) <00l 109402(7) NS. 54103(7) <008
; 43hstarved  198+12(7) <005 8540.6(7) <005 43%£01(D) <0.001
N3. P<0.001 P<0.01
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THYROID STATUS AND INTERMED" ‘RY METABOLISM , _ et

48h of starvation, the thyroidectomized rats treated
with 0.1 or 2 ug of thyroxine, as well as their c-ntrols,
showed an increase in the phospholipid P, aereas
in those animals treated with either 0 or . ‘ug of
thyroxine there was no change on starvation.

Total fatty acids and proteins per g of liv-r were
the same in all the fed groups (Table 2). St: vation

same in all the situations studied (Table 3); here
again, starvation emphasized differences among the
groups: the concentration of citrate in the liver of the
thyroidectomized rats treated with either 0.1 or 2ug
of thyroxine fell, as it did in the controls, whereas
the value was not significantly altcred with starvation
in the thyroidectomized animals treated with 0 ‘or

produced a significant increase in both par: meters 25ug of thyroxine (Table 3).
in the liver of all the animals except in thoue thy-
roidectomized and treated with 25ug of thyroxine, Discussi

* where the difference from the fed animals from the
same group was not significant (Table 2). The per-
centage of liver glycogen was not different in the fed
thyroidectomized rats treated with 0, 0.1 or 2ug of
thyroxine or in the intact controls, whereas in the
thyroidectomized rats injected with 25 g of thyroxine
it was significantly lower than in the controls (Table
2), Starvation produced a decrease in the percentage
of liver glycogen In all the groups, but in the thy-
roidectomized rats it was lower in those treated with
0 or 0.1 2g of thyroxine and it remained the same i
those injected with 2 or 25ug of thyroxine (Table 2).

Effect of thyroidectomy and treatment with ilrymxlne
ou liver acetyl-CoA and citrate

Acetyl-CoA concentration in the liver of all the
animals of different thyroid status was the same when
the rats were fed (Table 3). Starvation produced an
increase in the liver steady state of this metabolite in
the thyroidectomized rats treated with 0, 0.1 or 2ug
of thyroxine, as in the controls, whereas in those
treated with 25 ug of thyroxine it did not change. In
the fed animals citrate content per g of liver was the

The present study shows that differences in the
thyroid status of the animals greatly altered their
carbohydrate-lipid interrelationships, alterations that
are especially apparent when food was withheld,

Interrelationships berween carbohydrate and lipid
metabolism in thyroidectomized rats

Thyroidectomized rats fed ad libitum on a8 diet of
tow iodine content showed normal concentrations of
most of the metabolites studicd. A diminished liver
gluconeogenesis in fed hypothyroid rats has not
previously becn described. We have shown that the
steady-state concentration of regulatory metabolites
such as acetyl-CoA and citrate are the same in the
thyroidectomized rats as in the intact controls. The
low concentration of circulating insulin (Malaisse
et al., 1967) might also be contributing to the main-
tenance of gluconeogenesis in these animals at the
normal rate, This equilibrium was broken when food
was withheld for 48 h. Both blood glucoseand liver gly-
cogen declined to minimal values. An increase in the
urea production by the perfused liver of these animals

on the body and liver mlﬂmandllurw:idanln the rat

Theymrethenkﬂledbydnpmﬁcn.ﬁwuoﬁm;mﬁwn within 10s in liquid N,. The results are Ma means +S.5.M,
to the differences between ecach group and its respective control under the same dictary status (N.S., not significant, x.e

Liver phos- Liver total .
Liver DNA P pholipid P fatty acids Liver proteins Liver glycogen
(a/e) P (mg/g) ' 4 (umol/g) ' (mg/g) o (V74 ' <
18116 (B) 1.1410.02(D 152+8(8) 138+3(8) 5.140.2(6)
2581117 / 1.39+0.04(7) 2101+24(D) 16130 0440.1(7)
P<0.001 ‘ P<0.00) P<0.03 P<0.001 P<0,001
191£13(0) NS, 117£004(7) NS. 150+£7(H N.S. 15014 (6) <002 3.7+0.7(6) N.S.
327422(N <002 1.171007(7) <002 231+13(6) N.S. 170+£6(8) NS. 0.0100(6) <002
P<0.001 . N.S. P<0.001 P<0.08 P<OOO!
188£24(7) NS. 1033+004(6) NS, 145:11(6) NS. 13527(7) NS, 58:106(6) NS.
201127 NS. 145+003(6) NS, 270+£33() NS. 14 +4(D NS. 0.1£00(7) <005
P<0.01 P<0.00] P<0.01 P<0.01 P<0.008
178412(5) NS. L19+003(5) NS. 14415(6) NS. 13413 (6) NS. 4440354 NS
2101+6(4) NS. 143£0.03(4) NS. 249:21(5) NS. 157£4(%) NS. 04+0.1(5) NS.
P£<0.00] P<0.001 P<0.001 P<0.01 P<0.001
184 £ 5 (6) NS. 1332006(6) <001 185:6(5) NS. 153246 <001 1.2+03(6) <0.001
28399 NS. 1421006(5) NS. 209%27(5) NS. 1581 5(S) NS. 02+£00(5) NS
P<0.001 NS. : NS. NS. £<0.01
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Table 3. Effect of thyroidectomy ond treatment: wzik i;tbvroxfm o the steady-sic. : concentrarions of acetyl-CoA
and cifrate in. the liver of the rat

Rats were thyroidectomized after weaning and msected daily intraperitoneally wit 1 dm‘etent doses of L-thyroxine
during 43-61 days. They were then killed by decapitation. Pieces of liver were frozen within 10s in liguid N;.
The results are given as means4-8.2.14, with the number of animals in each group shown in parentheses. P refers
xoxbedxfrmbetmfwmwmmmmrw\manmmnmhmmdm
mgectiveeomml under the same dietary status (N.S., not significant, i.e. P or P’ > 0,05). Other details are given
in the Materinls and Methods section.

Dieury Acetyl-CoA ) 4 Citrate 2> -
(ugof Mmmxineﬂmz body wt) status {nmol/g) (nmol/g)
Intact controls (0) Fed 4+7(D T 265418(B)
43h-starved 831+8(6) 145111 (6)
P<008 P<0.001
Thyroideciomized (0) Fed 6244 (8) NS, 231£19(8) NS.
.. A3hstarved 104211 (D) NS, 22+33{(6) NS.
: ’ P<0O NS.
Thyroidectomized (0.1} Fed 50267 NS, 2461-31 I NS
48b-starved 8618 (6) N3, 14732164 NS.
P<0.0! P<005
‘Thyroidectomized (2) Fed $412(9 NS 244:22(6) NS.
48hstarved 34411 (5) NS, 148123 (Q) N
: P<0.01 P<0.0S
Thyroddectondnd (253 Pad 6146(8) NS. 316+£39(0) NS
48 hestarved 66+S(7) N.8. 38!3:'6 6 <00t
N.8. 8.

{(Menaban & Wicland, 1965) would suggest a pre- is being used for gluconcogenesis and would direct
servation rather than a decresse of liver gluconeo- .- acetyl-CoA from the tricarboxylic acid cycle to
genesis. Tho activity of some gluconcogenic enzymes ketone-body formation (Krebs, 1966). According to
is decreased in hypothyroid mats (Menahan & this explgnation, cur results suggest that oxalo-
~ Wieland, 1969), but the sicady-state conceatrations scetate is not lacking in the thyroidectomized rats
of regulatory metabolites for gluconeogenesis are when starved. .
maintained at the normal values, The cowea&raﬁ::
of phospholipids in the liver of the starved tlyroi small hyroxine rmediary
ectomized rats is ower than in the controls, whereas fnﬁ;ago?{m in rm'i;ﬁxd ralz on ini
that of their total fatty scids iy the same, which
suggests an incressed concentration of free and The administration of 0.1ug of thyroxine/100g
esterified fatty acids of neutead lipids in these animals. body wt. to the thyroidectomized rats was sufficient to
This abundance of faity acids in the liver of the normalize most of the metabolic parameters studied
hypothyrold animals whea starved is not surprising, - in both fed and starved animals, despite the fact that
because it i3 known that fat relention is favoured the plasma protein-bound iodine was between 66 and
in these animals {Scow, 1951). The adequate avail- 91 %, lower than the controls. These doses of thyrox-
ability of lipids in these auimals when starved may ine were about one-twentieth of those needed to
alfow them to have sufficient acetyl-CoA in their depress high rates of pituitary release of thyroid-
fivers to maintain citrate at the same concentration stimulating hormone to normal valucs (Purves, 1964).
as in the fed animal, to have high concentrations of The possibility exists that maintesance of normal
circulating ketone bodies and to maintain a steady- intermediary metabolism requires extremely small
state concentration of acetyl~CoA in their livers the amounts of thyroid hormones. Indeed, alterations of
same as in the intact controls. The preservation of intermediary metabolism of intensely hypothyroid
fiver citrate with starvation in the hypothyrold rats rats may well be secondary to the inadequate func-
deserves special attention. In normal snimals citrate tioning of the adenohypophysis and the pituitary-
concentrations fali, ss we have shown here and in dependent glands of such animals, On the other hand,
other situations (Herrers & Freinkel, 1968). This the fact that not all the concentrations of metabolites
could be explained by s lack of oxaloacetate, which studied aro normal in the thyroidectomized rats
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- THYROID STATUS AND INTERMEDIARY METABOLISM 03

injected with 0.1 pg of thyroxine would suggest a

"~ different sensitlvity of the pathways in which they
are involved to the amount of thyroid hormone
availabie, :

Metabolic alierations in hyperthyroidism

The daily injection of 25ug of thyroxine/i00g
body wi. was sufficient 1o make the thyroidectomized
rats byperthyroid, as shown by their high plasma
concentrations of protein-bound iodine, The main
metabolic manifestation that is apparent in these
animals i3 their decreased body weight, probably
produced by the net catabolism that prevails when the
amount of thyroid hormones available to the peri-
pheral tissues is supranormal (Freinkel & Metzger,
1871). In the fad state the only parameters siudied
that were aliered were the concentrations of liver
glycogen and sircuiating glucose and insulin,

Liver glycogen was diminlshed in the hyperthyroid
rats, confirming the results of othess (Coggeshail &

Gioene, 19353 Kusivama, 1918), and coutd reflect °

augmented glycogenolysis as a consequence of in-
cregesd adenylate cvclass activity as well as by
potentiation of the response to the catécholamines,
a3 reviewed by Freinkel & Metzger (1971). Gluco-
pengenesis may also bs enbanced in these thyroid-
ectomized apimals treated with 25pg of thyroxine,
because gluconengenic enzymes are augmeated after
thyroxine treztmuent (Szepesi & Freedland, 1968;
Young, 1962; Murad & Freedland, 1967; Menahan
& Wicland, 1965) and perfused livers from hyper-
thyroid rats exhibit increased rates of glucose forma-
tion from different substraies (Freedland & Krebs,

1667 Menahan & Wieland, 1969), Although glucose -

oxidation and reraoval might be increased in hyper-
thyrpidism (Rabinowitz & Myerson, 1967), our
thyroidectomized rats treated with 23 ug of thyroxine
are hyperghycasmic. I would appear that net glyco-
genolvsis and gluconcogenesis rates exceeded glucose
rerowal, This dlahetogenic situation appeared to~
gethier with high circulating concentrations of insulin,
in contradiction to the results of Malaisse et al.
{1957, who showed that treatment of normal rats
whi high doses of thyroxine caused marked de-
gresses in bofh pencreatic content and secreticn of
isubin, These avthors wtilized approximstely fen
timzs the dose that we used and different experi-
mental conditions, 1t i5 possible that the thyroxine
may have a biphasic effect on insulin metzbolism,
depending on the dese usexd, That high concuatrations
of circulating insulin in our hyperthyroid animais
are duc 1o increased secretion and not to decreased
degradation is supported by the fact that accelerated
degradation of insulin has been reported in thyro-
toxic animals (Cohen, 1957; Elgee & Williams, 1955).
The diabetic metabolic situation in our hyperthyroid
animals, together with their high circulating con~
Vol, 128

centrations of insulin, would suggest an increased
resistance to this hormone,

As diversion to fat is exaggerated and acoelerated
in thyrotoxicosis even in the fed state, as reviewed
by Freinkel & Metzger {(1971), the lipid reserves are
probably depleted in the hyperthyroid rats after
4% h of starvation. This is supported by the finding of
& fower concentration of blood ketone bodies in these
animals. Thelack of lipid reserve seems to be pactially
compensated by an increased catabolism of proteins,
as suggested by the greater decrease in the total con-
tent of protein in the fiver. The metabolic state is
comparable with other diabetic situations, ss in
obese-hyperglycaemic mice, where regulatory meta-
bolites in the liver and gluconeogenssis do not change
with starvation, but where hyperglycaemia and high
circulating concentrations of insulin are maintsined
{Sandler er al., 1968; Stauffzcher et al., 1967).
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