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Mëxico, D.F. 014080, Mexico

b Departamento de Nefrolog|̈a, Instituto Nacional de Cardiolog|̈a, Ignacio Chävez, Juan Badiano No. 1, Col. Secciön XVI,
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Abstract

Membrane permeability was examined in liver mitochondria isolated from hypothyroid rats. It was found that such a
thyroid status provides substantial protection from membrane leakiness as induced by Ca2� loading. Thus, these
mitochondria are less prone to undergoing permeability transition than mitochondria from euthyroid rats. The above
conclusion was reached on the basis of the following two facts: (1) hypothyroid mitochondria are not strictly dependent on
the addition of ADP to retain high matrix Ca2� concentrations, and (2) carboxyatractyloside, antimycin A or carbonyl
cyanide-m-chlorophenyl hydrazone failed to promote Ca2� efflux. We discuss the possible relevance of the low content of
membrane cardiolipin as well as the low expression of the adenine nucleotide translocase as responsible for the resistance to
membrane damage. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Liver mitochondria from hypothyroid rats have a
decreased activity of membrane-associated electron
transport enzymes and anion carriers [1^3]. This fail-
ure has been ascribed to a lower expression of their

respective proteins [4,5], as well as to a diminution of
the cardiolipin content of the inner membrane [6,7].
These changes in the composition of the membrane
confer special properties to mitochondria. For in-
stance, Scho«nfeld et al. [5] showed that liver mito-
chondria from rats made hypothyroid were less sen-
sitive to the uncoupling e¡ect of myristic acid. This
e¡ect was attributable to a diminished content of the
adenine nucleotide translocase (ANT). Furthermore,
Paradies et al. [8] have shown a decreased activity of
cytochrome c oxidase in mitochondria from hypothy-
roid rats, which was completely restored when these
mitochondria were supplied with cardiolipin.

The ADP/ATP carrier is a protein whose function
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is highly dependent on cardiolipin [9^11]; its physio-
logical role is to operate as a supplier of ATP to the
cytosol. In addition, however, ANT is also involved
in the formation of a transmembrane non-speci¢c
ionic pore [12^20]. Such a putative pore allows the
release of matrix content through the so-called mem-
brane permeability transition (for review see [21,22]).
This masked function of the ADP/ATP translocase
depends on its sidedness in the inner membrane [23],
which in turn depends on the constitution of the lipid
milieu of the bilayer [9^11]. Considering the latter,
the experiments in this work were designed to test the
idea that in liver mitochondria from hypothyroid
rats, due to the lack of both cardiolipin and the ex-
pression of ANT, this carrier should not be able to
convert itself into a non-speci¢c pore. The results
show that in these mitochondria, ADP, which stabil-
izes ANT in the matrix side conformation and closes
the pore [24,25], is not a necessary prerequisite to
maintain high concentrations of matrix Ca2�. In ad-
dition it is shown that carboxyatractyloside, which
locks the carrier in the cytosol conformation and
opens the pore [12,13,26], does not induce the open-
ing of the transmembrane non-speci¢c pore.

2. Materials and methods

Hypothyroidism was induced in rats by surgically
removing the thyroid gland as previously described
[27]. Brie£y, under anesthesia the trachea was ex-
posed, and under a stereoscopic microscope (model
M5; Heerbrugg, Switzerland), the parathyroid
glands were visualized, dissected from the thyroid
gland, and reimplanted into the surrounding neck
muscles. The thyroid gland was then carefully dis-
sected, to avoid injury to the laryngeal nerves, and
completely excised. The e¡ectiveness of this proce-
dure has been demonstrated previously [27,28]; se-
rum calcium and phosphorus were determined by
standard spectrophotometric automatized techniques
(Beckman), and thyroxine by radioimmunoassay as
described elsewhere [27]. Three months later, liver
mitochondria were prepared, following the standard
centrifugation procedures, in 0.25 M sucrose-1 mM
EDTA, pH 7.3. Where indicated mitochondria were
stored for 24 h (aged mitochondria) at 4³C. Protein
was determined according to the method of Lowry et

al. [29]. The experiments were carried out by incubat-
ing 2 mg of mitochondrial protein in 3 ml of medium
containing, basically, 125 mM KCl, 10 mM succi-
nate, 10 mM HEPES, 2 mM phosphate, 50 WM
CaCl2, 5 Wg rotenone, and 5 Wg oligomycin; the me-
dium was adjusted to pH 7.3. Calcium movement
were followed in a dual-wavelength spectrophotom-
eter at 675^685 nm, using the indicator Arsenazo III
[30]. Brie£y, this method is based on the change in
the spectrum of the metallochromic dye when the
concentration of Ca2� in the incubation mixture is
modi¢ed. Transmembrane potential was estimated
spectrophotometrically at 524^554 nm using the pos-
itively charged dye Safranine [31]; this method is
based on the large spectral change due to the stack-
ing of the dye upon induction of an electrical gra-
dient, negative inside, across the inner mitochondrial
membrane. The spectral shift is linearly related to
the developed membrane potential up to at least
170 mV. The results are representative of at least
three di¡erent experiments. Other experimental con-
ditions were as indicated in the legends of the corre-
sponding ¢gures.

3. Results

The experimental results were obtained with mito-
chondria from hypothyroid rats whose blood levels
of T4, after thyroidectomy, were diminished from
6.42 þ 0.024 to 1.49 þ 0.12 Wg per 100 ml. Regarding
the reimplant of parathyroid glands it should be
noted that no di¡erences were found in serum calci-
um, i.e. 10.26 þ 0.87 in control rats against
9.88 þ 0.62 mg/dl in hypothyroid animals; similarly
phosphorus levels remained unchanged, 7.09 þ 0.52
in controls and 6.61 þ 1.10 mg/dl in hypothyroid
rats; these results indicate the success of the surgical
procedure. Fig. 1A shows that the inhibition of ma-
trix Ca2� release in mitochondria isolated from eu-
thyroid rats was strictly dependent on the presence of
high concentrations of ADP. It can be seen that in
the absence of added ADP, Ca2� was promptly re-
leased. Nevertheless, after the addition of ADP, Ca2�

e¥ux was inhibited proportionally to the increasing
concentrations of the nucleotide. The highest inhib-
ition was attained with 150 WM ADP. The above
results are in agreement with those found by several
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authors (for a review see [21,22]) subsequent to the
early studies of Panov et al. [32] and Hunter and
Haworth [33], and imply that the inhibition of matrix
Ca2� release depends on the locking of ANT, by
ADP, in the matrix side of the inner membrane, clos-
ing the non-speci¢c pore [24,25]. A di¡erent picture
can be observed with mitochondria from hypothy-
roid rats (Fig. 1B). In these mitochondria, notwith-
standing the absence of ADP, the non-speci¢c pore
remained closed; thus, Ca2� e¥ux becomes inhib-
ited, although it is worth mentioning that, to attain
a complete inhibition of cation release, the addition
of 30 WM ADP was necessary.

In contrast to the protective e¡ect of ADP, mito-
chondria undergo membrane leakage after the addi-
tion of carboxyatractyloside. The opening of the
pore is due to the stabilization of ANT in the cytosol
conformation, with respect to the inner membrane
[12,13,26]. In concordance, Fig. 2A shows that in
mitochondria from euthyroid rats the addition of
0.016 WM carboxyatractyloside (CAT) brings about

a fast release of the accumulated Ca2�. Interestingly,
and in contrast with this, it was found that in mito-
chondria from hypothyroid rats, CAT did not induce
Ca2� e¥ux (Fig. 2B).

To further investigate the resistance of hypothy-
roid mitochondria to undergoing a transition in its
permeability, from speci¢c to non-speci¢c, di¡erent
sorts of inducers were used. In this regard Petronilli
et al. [34], Costantini et al. [35], and Chävez et al.
[36] have shown that CCCP and antimycin A induce
pore opening. Accordingly, Fig. 3A reveals that in
control mitochondria 0.2 WM CCCP or 0.43 WM
antimycin A (AA) su¤ces to induce matrix Ca2�

discharge. Remarkably, however, when the actions
of CCCP and antimycin were evaluated in mitochon-
dria from hypothyroid rats these reagents failed to
promote Ca2� release (Fig. 3B). This reinforces the
assumption that hypothyroidism renders the mito-
chondrial inner membrane less sensitive to damage.

Preceding reports indicated that membrane depo-
larization triggers permeability transition [33,37^39].
This appears to be true in mitochondria from euthy-
roid rats. As shown in Fig. 4, the addition of 0.2 WM
CCCP to these mitochondria (CM) led to a collapse
of the transmembrane electric gradient. This ex-
pected result was in agreement with the fact that in

Fig. 1. Inhibition of Ca2� e¥ux from Ca2�-loaded hypothyroid
mitochondria even in the absence of ADP. Mitochondria (2 mg
protein) from control rats (CM) and from hypothyroid rats
(HyT) were incubated in 3 ml of medium containing 125 mM
KCl, 10 mM succinate, 2 mM phosphate, 10 mM HEPES, 50
WM CaCl2, 50 WM Arsenazo III, 5 Wg rotenone, and 5 Wg oligo-
mycin. The medium was adjusted to pH 7.3. Mitochondrial
Ca2� movement was monitored by following the changes in the
absorbance of the metallochromic dye. The numbers beside the
traces indicate the WM concentrations of ADP that were used.
Temperature 20³C.

Fig. 2. The failure of carboxyatractyloside to induce permeabil-
ity transition in hypothyroid mitochondria. Experimental condi-
tions were as described in the legend for Fig. 1, except that 200
WM ADP was added to control (CM) and to hypothyroid mito-
chondria (HyT). Where indicated 0.016 WM carboxyatractylo-
side (CAT) was added.
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control mitochondria CCCP discharged matrix Ca2�

(see Fig. 3A). However, in contrast to the failure of
CCCP to promote Ca2� e¥ux in hypothyroid mito-
chondria observed in Fig. 3B, Fig. 4 shows that in

these mitochondria (HyT), 0.2 WM CCCP does col-
lapse v8.

Aged mitochondria undergo loss of energy-linked
functions, among them Ca2� uptake [40]. Fig. 5A
shows that 24 h aged mitochondria from euthyroid
rats are unable to retain Ca2� even after the addition
of 0.5 WM cyclosporin A (CSA). The transient e¡ect
of CSA is due to its inability to inhibit the accumu-
lation of phospholipase A2 products, which increase
membrane permeability [41]. In contrast, the data of
Fig. 5B clearly show that in 24 h aged mitochondria
from hypothyroid rats 0.5 WM CSA does inactivate
the non-selective pore system.

4. Discussion

Thyroid hormone status in animals in£uences mi-
tochondrial membrane permeability, i.e. mitochon-
dria from hyperthyroid rats have an increased leaki-
ness to protons across the inner membrane [42,43], as
well as undergoing permeability transition in the ab-
sence of inducing agents [44,45]. In contrast, hypo-
thyroidism renders mitochondria less prone to leaki-
ness of protons [42,43]. The marked contrast in the
permeability properties of their respective mem-

Fig. 5. The e¡ect of cyclosporin A on Ca2� retention by aged
hypothyroid mitochondria. Experimental conditions were
essentially as described in the legend for Fig. 1, except that 24 h
aged control (CM) or hypothyroid mitochondria (HyT)
were used. Where indicated 0.5 WM cyclosporin A (CSA) was
added.

Fig. 4. Collapse of the transmembrane electric gradient by
CCCP in hypothyroid mitochondria. 2 mg protein from control
mitochondria (CM) or hypothyroid mitochondria (HyT) was
added to medium containing 125 mM KCl, 10 mM succinate,
10 mM HEPES, 2 mM phosphate, 200 WM ADP, 10 WM Safra-
nine, 5 Wg rotenone and 5 Wg oligomycin. Where indicated
0.2 WM CCCP was added. Temperature 20³C.

Fig. 3. Inability of CCCP and antimycin A to induce Ca2� ef-
£ux in hypothyroid mitochondria. Experimental conditions were
similar to those described for Fig. 1. 200 WM ADP was added
to control (CM) and hypothyroid mitochondria (HyT). Where
indicated 0.2 WM CCCP or 0.43 WM antimycin A (AA) was
added.
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branes lies in the di¡erent composition of the phos-
pholipid bilayer. A low content of phospholipids in
the inner membrane of hypothyroid mitochondria is
well established [42,46]. In this paper we show that in
liver mitochondria from hypothyroid rats the non-
selective pore is less likely to be opened after Ca2�

overload or after the addition of inducing reagents
such as CAT, CCCP or antimycin A. Thus, such
mitochondria have a resistance to undergoing perme-
ability transition, although it should be noted that
CCCP collapses the electric gradient in hypothyroid
mitochondria. This apparent disagreement would sig-
nify a higher sensitivity of the membrane sensor [34]
for opening the pore to allow a drop in v8 rather
than Ca2� release.

A number of papers have established the in£uence
of the ADP/ATP carrier conformation in pore open/
closed cycles [23]. This emerged from the ¢ndings
that agents such as CAT which stabilizes ANT in
the cytosol conformation opens the pore [12,13,26],
while those agents such as ADP and bongkrekic acid
that stabilize ANT in the matrix conformation close
the pore [24,25]. Our proposal is that hypothyroid
mitochondria are resistant to undergoing permeabil-
ity transition due to the inability of the ADP/ATP
carrier to convert itself into a non-speci¢c transmem-
brane pore. This assumption is mainly substantiated
by two ¢ndings: (a) hypothyroid mitochondria retain
matrix Ca2�, even in the absence of added ADP; it
should be noted that in these mitochondria the
ADP+ATP pool is diminished, from 3.8 in controls
to 2.6 nmol/mg [5], and (b) CAT was unable to in-
duce Ca2� e¥ux. This datum is comparable to that
obtained in brown adipose tissue mitochondria [19]
in which, due to the lipid structure of membrane,
CAT is unable to induce pore opening.

Paradies et al. [8] have shown that cardiolipin con-
tent is signi¢cantly lower in mitochondria from hy-
pothyroid rats than in mitochondria from euthyroid
rats, being approximately 24 and 40 nmol/mg, re-
spectively. Changes in the conformation of ANT
across the lipid milieu of the membrane depend on
the cardiolipin content. As has been widely demon-
strated [9^11] cardiolipin is required for the normal
translocation of ANT across the inner membrane. In
consequence, the low concentration of cardiolipin
would be an important factor to prevent the conver-
sion of ANT into a non-speci¢c channel, even after

the addition of CAT. Moreover, our results are in
good agreement with the model of Brustovetsky and
Klingenberg [18], indicating that the binding of Ca2�

to phosphate groups of cardiolipin changes positive
charges at the interface of ANT, facilitating its trans-
formation into a non-speci¢c ionic pore. Again, by
considering the low content of cardiolipin in hypo-
thyroid mitochondria, our ¢nding that Ca2� over-
load failed to open the pore can be explained.

Although the di¡erent constitution of the lipid bi-
layer appears to be responsible for the resistance to
the increased permeability, special attention must be
focused on the fact that in hypothyroidism there is a
low expression of the ADP/ATP carrier [5]. Indeed,
the content of adenine nucleotide translocase dimin-
ished from 58 pmol/mg protein in euthyroid mito-
chondria to 40 pmol/mg protein in hypothyroid mi-
tochondria [5]. Since this protein is the main
constituent of the pore system [12^20], a low expres-
sion of it must be taken into account as a restriction
in the density of non-speci¢c channels formed across
the inner membrane; therefore mitochondria become
resistant to the opening of the permeability transition
pore. Considering the latter, our results appear to be
in line with those of Scho«nfeld et al. [5], indicating
that hypothyroid mitochondria are less sensitive to
fatty acid-dependent uncoupling. Those authors
demonstrated that such an e¡ect corresponded to a
low expression of ANT. Mitochondria isolated from
hyperthyroid rats with a high expression of ANT [5]
have a high sensitivity to the uncoupling action of
fatty acids [5], and undergo membrane leakage with-
out the requirement of an inducing agent [44,45].

Finally, we would like to discuss the interesting
¢nding that in aged hypothyroid mitochondria
CSA restored the permeability barrier, and thus their
ability to accumulate Ca2�, while in aged euthyroid
mitochondria CSA failed to do so. It may be hy-
pothesized that control mitochondria, with a mem-
brane less resistant to permeabilization than hypo-
thyroid mitochondria, lost some constituent which
is a necessary prerequisite for the protective role of
CSA. Such a constituent might be Mg2� since time-
dependent degradation of mitochondrial structure is
related to loss of Mg2� [47,48]. As Novgorodov et al.
[49] have shown, Mg2� is required together with
CSA for the closure of the pore opened by carbox-
yatractyloside.
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