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Abstract. We have studied the it vitro metabolism of  Key Words
glycerol hy epididymal {at pads from thyreidectomized rats  Hypothyroidisn
daily injected witheither 0, 0.1, or 25 yeg of thyroxine and in-  Hyperthiyroidism
tact controls after a pravious fast of 48 h. The tissues coming  Adipose tissue metabolism
from the thyroidectomized rats receiving 25 g of thyroxine  Giveerol utilization
produce maximal amounts of glycerol while this parameier Lipolysis
does not differ among the other groups. The same is true
for the formation of ¥WCO, from 1-C glyeerol while 1he uptake of this and its conversion
to #Cabelled total lipids & munximal o the thyroldectomized rats no receiving thyroxine,
it decreases in those treated with 9.0 g and 1% s pivimal in those recciving 25 ug and
the controls, When proper corrections for the changes fu the specific activity of the trager
are carried cut it is seen that the rates of lipodysis and those of glycerol uptake and (s
conversion 1o lipids are augmented s the thyroddectomized rats receiving U or 25 pg of
thyroxine, while that of the oxidation of glyeerol o 0y is ondy elevated in the sccond
group. The augmented lipolysis in the tasted bypothyroid animals found here is ditferont
from studies which omit to wke account of the reutilization of glycera] by adipose tissug
and can be used to explain the survival of these animals when {ood is withheld. In somse
way this could compensate the Intense hypoglycomia found in the fasted hypothyroid
animals which by itself could be contributing to the adipokinetic eifect,

Introduction
By indirect studies on the effects of thyroid status on liver metabolism

and circulating fuels, we have recently suggested that in the fasted state the
hypothyroid rats mobilize more fat from peripheral depots than the euthy-

1 Part of this study was carried out at the Departamenio de Endocrinojogia Experi-
mental, Institwio G. Marandn, CSIC, Madrid.
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roid controls {1}, As this suggestion disagrees with the current beliaf {hat
hypothyroidism is associated with unaltered or reduced adipose tissue lipo-
lysis [2, 8, 12, 21}, we decided to study this parameter by in vitre direct
measurements on epididymal fat-pad {rom starved thyroidectomized rats
{T} treated with different doses of exogenous thyroxine. We felt that the
problem deserved special atiention as we have shown that glycerol utilization
by adipose tissue is considerably higher than previously thought and affects
calculations of lipolysis and esterification which fail to take this factor into
account {14, 15]. Thus, in the present study we have determined the rates
of glycerol production and utilization by the tissues in order to make the
proper corrections.

Materials and Methods

Animals. Male Wistar rats since the end of the wesning were fed on 2 medium residue,
fow-iodine diet (0.04-0,09 ug of iodine/g) {6] and surgically thyroidectomized. Two days
after the thyroidectomy they were injected with 50 ¢Ci of carrier free ¥ fgodiunt jodine
to eliminate any remaining thyroid tissuc and after two more days they were daily injected
intraperitoneally with either 0, 0.1, or 25 ug of r-thyroxine/100 g body weight (T+0,
T4+0.1, or T+25, repectively) for 50-60 days until the time of killing which was done
after a previous fast of 48 h. They were compared with age-matched intact male controls
{C) under the same diet supplemented with 1.7 ug of Ki0,y/g and injected daily with 8.9%
NaC1 during the same period. The size of the rats was determined by measuring the leugth
from the snout to the beginning of the tail.

In vitro incubations. Animals were killed by decapitation without anesthesia and
35-43 myg pieces of epididymal fat-pad were placed in rubber sealed 20 mi vials each
containing 0.5 ml of Krebs-Ringer bicarbonate buffer, pH 7.4 [20] supplemented with
bovine albumin (20 mg/ml) purified by the method of Cuen [4]. At 2er6 time 0.5 mi of
the same buffer (without atbumin) containing 0.5 .Ci of (1-4C) giyeerol (13,3 mCijmmol)
was pipetted into each of the vials, after which they were rapidly sealed and gassed for
5 min with agitation (100 cpm) at 37°C. The incubation was stopped by injectiog 250 ul
of hyamine 10% hvdroxide into ymall polyethylene cups suspended from the cover of
the vial and 0.5 m! of 10% {w/v) HCi0, into the meditm. The O, evoived was trapped
in the hyamine by genile shaking at room temperature for 60 min. The medium was
processed as previously deseribed {14, 15] for the enzymaric determination of glycerol
{117 and for the isolation of labelled glycerol. Lipids were extracted from the incubated
tissue with chlorcform-methanol [9] and the extracts were washed once with saline and
twice with 1 M glycerol to remove any labelled glycero! bound to the tissue,

Radioactive assay. Samples were counted as already described {14]. The purity of the
(1-1*C) glycerol used was determined as previously {14, 15}, It was found that more than
9%.6% of the labelled product was in the form of pure glycerol,
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Mathematical waofysis of the
centage of the total (1MC) glyee

data, Radicactive measurements were supressed as per-
rol added to cach vessel related to thy hutial wet weight
of the tissue and caleulated as gmoles as a function of the specific sctivity of the appro-
priate counting staudird, Regressions were determined following the standard methods
described in the manuals of statistics [19]. Statistical comparisons between two groups of
data were performed by the t-test of Student. Rates of lipolysis and glvoerol utilization
as functions of the production of glycerol and corrected for the renewal of (1-14C) giveerol
from the media were calculated as previously described {14}, Calculations were carried
out in an Ataio-Compucorp 445 (Statistician) and comprobation of all the regressions
was performed in an IBM 7090 computer.

Kesults

Body Weight and Size

The thyroid status of the different groups of rats was determined by the
body weight and the size of the animals (table 1). Although before the
thyroidectomy there were no differences in the body weight of the rats in
the different groups, at the time of killing, both the body weight and the
size of T+ 0 rats were very much lower than that of the C animals, demon-
strating the severe hypothyroidism in the former group. T+ 0.1 rats show
a significant restoration of the growth capability, although not attaining the
body weight nor the size of C (table 1). T+ 25 rats show a reduction in the
body weight that it is not caused by a smaller growth of the animals as their
size does not differ from that in C.

Table 1. Effect of thyroidectomy (T) anct treatment with L-thyroxine on body weight and
size in the rat {mean & SEM)

Group Body weight, g BRody size, ¢m
Ct 23847 (14)* 20302 (8
T+0° 8835 (6) 141404 (6)
pt < 0.00] =< 0.001
T+0.1 159410 (8) 184400 (8)
p <0.001 <0001
T+25 2047 (18) 21002 (5
P 0,01 NS

} C = Intact controls.
2 () = Number of rats/group.
3 Doses of t-thyroxine (ng/ 100 g body weight/day).

4 p = Statstical comparisons versus C (NS, not significant; i.c. p >0.05).



ja2 Montova/Herrera

Giveerol Fosmartion by Epididymial Pai-Pad

Pieces of epididymal favpad from 48 b fasted rais wnder the different
thyrewdal situations were incubated with (1-3C) glycerol. At different times
the incubation was stopped by the addition of HC10,, which released the
free glycerel of the tissue into the medium, and the amount of glycerol was
determincd. The results are summarized in table 11 The only group which
differs from C in the formation of glycerel at all the times studied was
T++25, being higher than in the former group. In both T+0 and T+0.1
groups, the formation of glycerol was lower than in C practically all during
incubation but due to the dispersion of the data, after 120 min of incubation
was the only time when the difference between either group and C is stastis-
tically cignificant. From the experimental data it is possible to adjust highly
significant linear regressions of the formation of glycerol, g (1), as a function
of time (1) of the type: g (1) = a-+bt. The mean lines have been graphically
represented in figure 1a. The slope of the lines obtained with the data from
the T+ 25 animals was significantly bigher than that of the C group, while
the slope of the values from neither T+0 nor T+ 0.1 groups differs from
that of C. As differences in the formation of glycerol by the tissues might
partially be caused by differences in the reutilization of this metabolite, the
amount of {1-4C) glycerol taken up by the tissue was estimated.

Table 11, Effect of thyroidectomy (T) and treatment with L-thyroxine on the in vitre glycerol formation

by epididymal fat-pads from rats (emol/100 mg, mean £SEM of 6-9 rats/group)

Group Minuies of incubation

[¢ 30 60 90 12¢ 180
Ct 3.066£0.005 0.056+£0.010 0.06340.009 0.067£0.013 0.104:£0.007 0.099+£0.006
T+02 0.056+£0.012 0.041:£0.008 0.039+:0.00¢8 0.04140.008 0.057+0.013 0.0v7x:0011
p? NS NS NS NS < 0.01 NS
T4+0.1 0.050£0.007 0.02450.005 0.057:40.007 0.668+0.014 0.067+0.007 0.085:+0.008
p NS NS NS NS T <008 NS
T+25 01300014 0.1824+0.058 0.220+£0.047 0.216+0.047 0.276::£0.038 0.308 1:0.040
n <0.01 < 0,05 = 0.0} < (.05 <0.001 < 0.001

1 = [ntact controls.

 Goses of L-thyroxine (2g/ 100 ¢ bady weight/day).

ip

= Statistical comparisons versus C (NS, not significant; i.e. p > 0.05).
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Utilization of (1) Glycerol

The amount of (1-14C) glycerol taken up by the epididymal fat-pad from
the different groups increases with the time of incubation (table IiI). At all
the times of incubation studied the uptake of fabelled glycerol is higher in
the tissues from both T-+0 and T+0.1 rats than from C, while in T+ 25
there is no difference with the values from the latter group. To all cases the
data adjust well to first order regression plots (fig. 1b) but the highest slope
is found in the values from the T-+0 rats, followed by that from the T+0.1
animals, and in either case this parameter is significantly different when
related with that in the C group. On the contrary, the slope of the values
from the T + 25 group does not differ statistically from that in C.
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Fig. 1. In vitro handling of glycerol by epididyme fat-pad from rats under different
thyroidal status. = [ntact controls; memmem = T40; varmmecoen = TAHO ]| e =
T+25. Significance of the differences between the siope of cach line and that of the
controls is shown by asterisks, *** = p-<0.001; ** = p<0.01; no asterisk = p=0.0.5
a Formation of glycerol (g). & Uptake of (1-4C) glycerol {G). © Formation of “CO,.
d Formation of ¥¥C-total lipids {TL).
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Table Il Effect of thyroidectomy (T) and treatment with c-thyroxine on the in vitro
utilization of (1-C') glycerol by epididymal fat-pads from rats (amoel/ 100 mg < 10% mean
+SEM of 6-9 rats/group)

Group Minutes of incubation

30 &0 90 120 186

Uptake of lobelled glycerol

cr 4748 99 19 17319 226435 308447
T+0? 189418 306+ 45 328%39 BOS£93 1,058 +£185
p* < (8001 <0.01 C<Q.01 < 0.001 < 0.001
T+0.1 C 147428 33074 321443 716178 723493
P 0,01 < 0.01 «0.01 <0.01 < 0.001
T+25 4648 9824 1684126 263125 383423
p NS N§ N§ N§ NS

Formation of BCO,

C 28403 75421 218442 15.9::4.1 29.5+5.2
T+0 46+1.0 109338 §0.442.1 10.6+2.5 274464
p NS ‘ NS <{.05 NS NS
T+0.1 37108 155431 15,5442 34.1:4104 277444
p WS NS NS NS NS

T+25 4.6:4:0.3 29.5:£10.1 27.945.2 26,7442 91,3253
r NS <€.05 © NS NS < 0.01

Formation of ¥ C-total lipidy

C 404L6 9118 i3 £ 18 21034 28454
T+0 183418 310449 3254:37 492 + 52 941 £ 57
n RS +X1.4) B < (3,001 .01 < {001 <2 0,001
T+0.1 14123 I20+72 294 +44 5544164 66975
p < 0.01 =< .01 <6.03 < .03 0,001
T+25 3947 81419 141 4:22 224623 31316
P NS NS NS N¥ NS

T C = Intact controls,
* Doses of L-thyroxine (ug/100 g body weight/day).
* p = Statistical comparisons versus C (NS, not significant; i.e., p > 0.05).

Most of the (1-14C) glycerol taken up by the tissue is converted to 1#C-
labelled CO, and total lipids (table IIT) as on other occasions [14, 15]. While
the formation of 14CQ, is slightly augmented in the tissues from the T+25
animals and the difference with the values of C was statistically different at
60 and 180 min of incubation, this parameter was not altered in the T+0
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and T+0.1 rats, In all the groups the formation of ¥CQ, increases lnearly
with the time of incubation (fig. 1¢) and no statistical differences were found
between the slopes of the values from the T animals and those from the
C rats.

Different from the ¥CO, data, the amount of (1-*4C) glycerol converted
to ¥C-labelled total lipids was higher in the T+ 0 and T+0.1 rats than in
the C animals (table IfI). This parameter does not differ, however, in C and
T + 25 rats at any time of incubation. As shown in figure 1d, the values of
MC.total lipid formation in adipose tissue from all the groups alsc adjust
well to first order regressions. The slopes of the lines corresponding to T+0
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Fig. 2. Effect of thyroid status on the rates of glycerol release (lipolysis) and utiliza-
tion by epididyme fat-pad from fasted rats, e = Intact controls; — mm-= = T+(;
it %5 Tt (] e = T+ 28, Details are given in the text. o Rate of glycerol release
(¥1). b Rate of glycerol uptake (Vyy). ¢ Rate of CO, synthesis (V¢o,). ¢ Rate of total
lipids synthesis (V11).
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and T+0.1 are significantly bigher than that in C {p <0.00] and p <0.01,
respectively), while that of the T+ 25 does not differ frem the value of the
C group.

Rates of Adipose Tissue Lipolysis

As the reutilization of glycerol by adipose tissue differs among the groups
depending on their thyroidal status, to calculate the rate of lipolysis we must
correct for the amount of glycerol that is taken up by the adipose tissue.
When the proper corrections are carried out [14] using the data described
above, we obtain the rates of lipolysis that are schematically represented in
figure 2a. When the values are extrapolated to zero time of incubation which
theoretically should approximate the in vive situation, the rate of lipolysis in
the T+25 group is 260% above that in the C animals and in the T+0
animals it is 68% above the latter while in the T+40.1 rats the values obtained
are practically identical to the C ones. Thus, the T+ 0 animals seem to be
able to mobilize stored lipids when exogenous food is lacking. On the other
hand, the data shows a biphasic effect of the administration of thyroxine as
small doses (0.1 ug) reduce the rate of lipolysis of T + 0 animals, while higher
doses (25 ug) produce a tremendous elevation of this parameter.

The change of the rate of lipolysis with the time of incubation is hyper-
bolic in all the groups, but different from what we have observed previously
[14], the rate of lipolysis increase as the incubation proceeds, while before,
there was found a progressive fall, This difference is due to the fact that in
the present study the values of the glycercl formation by the tissues have
been adjusted to first order regressions (g {t) = a-+bt), while previously it
was found that the data fitted better to second order ones (g (1) = a-+bt+ct¥).
We are preparing for its publication a more specific analysis of this point.

Rates of Utilization of Glycerol

The augmented adipose tissue lipolysis in T+0 versus the C animals,
despite the similar amount of glycerol formed during the time of incubation,
is simply due to the fact that a greater proportion of the glycerol, that is
coming out into the medium is being reutilized by the tissue of the T+0
animals, as suggested by the augmented uptake of (1-2*C) glycerol during
the time of incubation (fig. ib). The actual rate of giycerol being taken up
by the tissue during the incubation period would depend not only on the
percentage of MC-iabelled glycerol captured by the tissue but also on the
specific activity of the tracer, which at the same time would change according
to the concentration of glycerol in the medium. When these points are taken
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into account and the proper calculations are carried out [14], the observed
rates of glycerol uptake by the epididymal fat-pads from the different groups
are as shown in figure 2b. It can be seen that during the whote time of in-
cubation this parameter is higher in the T animals under the different treat-
ments than in the C ones, being maximal in the T+0 and T+ 25 animals.
As most of the glycerol taken up by the tissue is converted to both CO,
and total lipids, the actual rates of formation of these compounds from
glycerol were also estimated (fig. 2C, d). As it can be seen in figure 2d, the
rate of formation of total lipids parallels quite well that of the uptake, being
lowest in the C group and highest in both T+0 and T+ 25, while in the
T+0.1 remains in the middle. The rate of formation of CO, is, however,
very different, figure 2c, as it is maximal in the T+ 25 animals while in the
T-+0 and T+0.1 it is lower than in C during all the period of incubation.

Discussion

In the present work we have studied adipose tissue metabolism in fasted,
thyroidectomized rats treated with different doses of exogenous thyroxine.
We have previously shown that while in the fed state both hypo- and hyper-
thyroid animals obtdin a balanced equilibrium which aliows them to main-
tain a normal steady-state of several liver metabolites related with iipid
metabolism, this equilibrium is broken down when food is withheld {1} In
some way this response to fasting might be related to the ability to mobilize
lipids from adipose tissue depots.

Adipose Tissue Metabolism in Fasted Thyroidectomized Rats

We have seen here that the rates of both adipose tissue lipolysis and
glycerol utilization for the synthesis of lipids are augmented in the thyroid-
ectomized animals not receiving any exogenous thyroxine. These animals
are markadly hypothyroid as shown by their great reduction in both body
weight and size. These data would seen to be a surprise as up to now it was
believed that hypothyroidism was associated with a decreased lipid mobiliz-
ing capability {2, 8, 12, 21].

Although no author has so far reported an augmented adipose tissue
lipolysis in hypothyroid animals, on the basis of glycerol or free fatty acids
formation, many have manifested their difficulties in obtaining a net decrease
in these parameters when studied at basal conditions [2, 8, 12, Z1]. Herein
we bave also seen that the net formation of glycerol by adipose tissue from
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T-+0 rats 1s not different or slightly reduced to that in the intact animals,
bul as the rate of reutilization of glyeerol {rom the medium is tremendously
augmented, we must come to the conclusion that the net rate of lipolysis is
augmented in these animals. By indirect study we have come to the same
conciusion [15. In the fasted thyroidectomized rats there is an mcrease in liver
acetyl-Coh and fatty acids and blood ketone bodies and ihese rats main-
tain the same levels of liver citrate as when fed [1], all of which would suggest
an augmented arrival of fatty acids to the liver from peripheral depots. We
do not know how this elevated turnover of lipids in the adipose tissue of the
thyroidectomized rats might be driven in vive, but actually in thesc animalg
there is a parailel reduction in the lipolytic hormones such as those secreted
by the adenohypophysis {6, 7, 13, 18] and in the antilipolytic hormones such
as insulin [1, 3, 16]. In any event, the ability to mobilize fat stores in the
hypothyroid animals, even to a faster rate than in the normals, might play
an important role in the hypothyroids metabolic adaptation to fasting which
allows them to survive despite the low blood glucose levels that they attain
in this sitvation [1]. This hypoglycemia by itself could be the primary factor
in inducing the adipokinctic effect.

Effect of the Administration of Very Small Doses of Exogenous Thyroxine

to Thyroidectomized Rats on Their Adipose Tissue Metabolism

As we have seen here 0.1 pg of thyroxine is enough to partially restore
the growth capability of the thyroidectomized animals and to completely
normalize the rate of adipose tissue lipolysis. The rate of whole giycerol
utilization and specifically that for the synthesis of lipids is augmented in
the T+0.1 animals. These doses of thyroxine are about one twenticth of
those needed to decrease high rates of pituitary release of thyroid-stimulating
hormone (TSH) to normal values [17] and actually we have measured the
plasma levels of TSH in these animals and found ihat they remain as high
as those from T+0 (unpubl. observations). We do not know the physiolo-
gical implications of these findings, but the fact that not all the parameters
are normalized in the thyroidectomized rats injected with 0.1 ug of thyroxine
would suggest once more a different sensitivity of the pathways in which
they are involved to the amount of thyroid hormone available.

Adipose Tissue Metabolism in Hyperthyroidism

We have seen here that the whole turnover of lipids is maximal in the
thyroidectomized rats treated with 25 ug of thyroxine. Both lipoysis and
glycerol utilization for either CO, or lipid synthesis are augmented in the



Thyroid Status and Adipose Tissue Metabolism 139

adipose tissue of these animals, These mixed effects might be mduced by the
high circulating levels of thyroid hormone through the activation of the
lipolytic action of cathecolamines, concomitant with the elevation of cir-
culating insulin {1}, a hormone which we have found that by itsell’ enhances
the in vifro uptake and utilization of givcerol by adipose tissue [DOMINGUEZ
and HerrerA, unpubl. observations].

Very probably, in the in vive situation FFA and glycerol, the end pro-
ducts of this enhanced lipid mobilization by adipose tissue, are carricd by
the blood stream to other tissues, mainly to the liver where they might be
used as substrates for other pathways such as ketogenesis and gluconeo-
genests. In any event although it is evident from the data shown here that
the whole enzymatic capacity for handling the lipids in adipose tissue is
elevated in the hyperthyroid animals, this does not necessarily mean that the
total amount of lipids that are liberated from adipose stores are very much
elevated in these animals. We have seen here that although the size of the
hyperthyroid animals does not differ from that of the intact controls, their
body weight is lower and actually it has been shown that in hyperthyrodism,
catabolism prevails over anabolism even in the fed state[10] which would un-
able these animals to mobilize enough lipids in the fasied state due to a lack
of substrate and not to any fault in the lipolytic machinery. This inter-
pretation is in agreement with our previous study on the stzady-state con-
. centration of metabolites in blood and liver in hyperthyroid animals kept
under similar conditions [1], which demonstrates that the arrival of lipids to
the liver is small in these animals when food is withheld.
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