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Effects of thyroid hormone on mitochondrial oxidative phosphorylation
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In order to locate sites of action of thyroid hormone on mitochondrial oxidative
phosphorylation we have used an experimental application of control analysis as
previously described [Groen, Wanders, Westerhoff, Van der Meer & Tager (1982) J.
Biol. Chem. 257, 2754-2757]. Rat-liver mitochondria were isolated from hypothyroid
rats or from hypothyroid rats 24h after treatment with a single dose of 3,3',5-tri-
iodothyronine (T3). The amount of control exerted by four different steps on State-3
respiration with succinate as respiratory substrate was quantified by using specific
inhibitors. The hormone treatment resulted in an increase in the flux control
coefficient of the adenine nucleotide translocator, the dicarboxylate carrier and
cytochrome c oxidase and a decrease in the flux control coefficient of the bc, -complex.
The results of this analysis indicate that thyroid hormone treatment results in an
activation of the bcl-complex and of at least one other enzyme, possibly succinate
dehydrogenase. Measurement of the extramitochondrial ATP/ADP ratio at different
rates of respiration (induced by addition of different amounts of hexokinase in the
presence of glucose and ATP) showed that the adenine nucleotide translocator
operates at a higher (ATP/ADP)OU, after T3 treatment, which supports previous
reports on stimulation of this step by thyroid hormone.

Several investigators have shown that pretreat-
ment of rats with hormones leads to stimulation of
State-3 respiration of isolated liver mitochondria
with succinate as the respiratory substrate. Such
hormones include thyroid hormone (Tata et al.,
1962; Bronk, 1963; Shears & Bronk, 1979; Mad-
daiah et al., 1981), glucagon (Yamazaki, 1975;
Titheradge & Coore, 1976; Halestrap, 1978),
adrenaline (Titheradge & Coore, 1976) and dexa-
methasone (Allan et al., 1983). The site of action of
these hormones is not clear. In the case of thyroid
hormone and glucagon, the stimulation has been
attributed to a change in the activity of succinate
dehydrogenase (Maddaiah et al., 1981; Siess &
Wieland, 1978; Titheradge & Haynes, 1979), the
adenine nucleotide translocator (Babior et al.,
1973; Bryla et al., 1977), or the respiratory chain
(Bronk, 1966; Halestrap, 1982). The short-term
effects of thyroid hormone appear not to be related

Abbreviations used: T3, L-3,3',5-tri-iodothyronine;
T4, L-3,3',5,5'-tetraiodothyronine (thyroxine); PTU, 6-n-
propylthiouracil; TPMP, trimethylphosphonium;
FCCP, carbonyl cyanide p-trifluoromethoxyphenyl-
hydrazone.

to the synthesis of mitochondrial proteins (Bronk,
1966; Chen & Hoch, 1977) which occurs only after
prolonged exposure to the hormone (Roodyn et al.,
1965; Jakovcic et al., 1978).

In order to be able to locate sites of action of
thyroid hormone on mitochondrial respiration, we
have used control analysis based on the principles
developed by Kacser & Burns (1973) and Heinrich
& Rapoport (1974b), as recently applied by Groen
et al. (1982) in a study of the control of respiration
in isolated rat-liver mitochondria. Groen et al.
(1982) used specific inhibitors to measure the flux
control coefficient of various enzymes. The flux
control coefficient of an enzyme is defined as the
fractional change in pathway flux brought about
by a fractional change in the activity of that
enzyme. They found that control of respiration
with succinate as respiratory substrate in the
presence of excess ADP is distributed among
several steps, including the adenine nucleotide
translocator, the dicarboxylate carrier and cyto-
chrome c oxidase. Since the stimulation of respira-
tion by thyroid hormone must be mediated by acti-
vation of one or more (controlling) enzymes, it may
be expected that treatment with thyroid hormone

Vol. 226



A. J. Verhoeven, P. Kamer, A. K. Groen and J. M. Tager

will lead to a change in the distribution of control.
The advantage of this approach is that the enzymes
are studied in intact mitochondria without disturb-
ing the structure of the mitochondrial inner
membrane which may play an important role in
the expression of hormone effects (Hulbert et al.,
1976; Armston et al., 1982). The results of the
experiments described in the present paper show
that thyroid hormone stimulates mitochondrial
oxidative phosphorylation by simultaneously acti-
vating the bc,-complex, the adenine nucleotide
translocator and, possibly, succinate dehydro-
genase.

Experimental
Hormonal treatment of rats

Fed male Wistar rats (200-250g) were used with
or without pretreatment with PTU [added to the
drinking water at 0.05% (w/v) for 15-20 days] to
induce hypothyroidism (Laker& Mayer, 1981). The
treatment with PTU resulted in a decrease in the
growth-rate from 3.78+0.37g/day (mean+S.E.M.
for four untreated rats) to 0.73 + 0.09 g/day (n = 8),
and to a decrease in levels of circulating T3
and T4 from 1.33+0.07pmol/ml (n=4) to
0.40+0.06pmol/ml (n = 2) in the case of T3,
and from 54.5 + 1.4pmol/ml (n = 4) to
3.5 +0.5pmol/ml (n = 2) in the case of T4.
For treatment of euthyroid rats with thyroid

hormone, a single dose of T4 (0.8mg/lOOg body
wt.) was injected intraperitoneally. Control ani-
mals received vehicle (0.01 M-NaOH) only.

For thyroid hormone treatment of rats pre-
treated with PTU, a single dose of T3 (40pg/lOOg
body wt.) was injected intraperitoneally. Control
animals received vehicle (0.01 M-NaOH) only.
After 24h, the rats were decapitated and mito-
chondria were isolated from the livers.

Isolation and incubation of mitochondria
Liver mitochondria were isolated essentially as

described by Hoogeboom (1955) using an isolation
medium containing 250mM-mannitol, 2mM-Mops
and 1 mM-EGTA. The pH of the medium was
adjusted to pH7.0 with Tris base. Mitochondria
were isolated from liver homogenates (about 20%,
w/v) by centrifugation at 800g for 5min and
subsequent centrifugation of the supernatant at
6000g for 0min. The pellet of the first spin was
homogenized and centrifuged again to improve
the yield. The mitochondria were washed once by
suspension in isolation medium and re-centrifuga-
tion at lOOOOg for 10min. The pellets were taken
up in 6-8 ml of isolation medium after removal of
the fluffy layer, and stored on ice. In our experi-
ments, no decrease in the activity of the mito-
chondria was found upon storage on ice for up to

8 h, in contrast to reports of some other investiga-
tors (Siess & Wieland, 1978; Hoch, 1982).

Mitochondria (0.7-1.Omg of protein/ml) were
incubated at 26°C in an oxygraph vessel equipped
with a Clark-type electrode in a standard incuba-
tion medium containing 100mM-KCI, 25mM-
Mops, lOmM-MgCI2, 1 mM-EGTA, 10mM-potas-
sium phosphate, 20mM-succinate, 2mM-malate,
20mM-glucose, 1 mM-ATP and 0.5 jug of rotenone/
ml. The final pH was adjusted to 7.0 with Tris base.

After an equilibration period of 1 min, respira-
tion was stimulated by the addition of hexokinase
(dialysed against 10mM-potassium phosphate,
pH7.0) or ADP (0.5mM). Inhibitors were added
when the rate of oxygen uptake was constant (60-
90s after the addition of hexokinase). The concen-
tration of oxygen in the medium and the rate of
removal ofoxygen from the medium were recorded
simultaneously. Rates of oxygen uptake were
calculated by using the oxygen solubility data
described by Hinkle & Yu (1979).

Determination offlux control coefficients of different
steps in mitochondrial oxidative phosphorylation
The procedure used for the calculation of the

flux control coefficients was that described pre-
viously by Groen et al. (1982). Carboxy-
atractyloside, phenylsuccinate, antimycin A and
azide were used as specific inhibitors of the
adenine nucleotide translocator, the dicarboxylate
carrier, the bc, -complex and cytochrome c oxidase,
respectively. Since the incubations were carried
out at pH 7.0 instead of 7.4, the value used for the
apparent Ki for total azide was 4QuM (cf. Groen et
al., 1982). In the calculation of the flux control
coefficient of the bc,-complex it was assumed that
antimycin A acts as an irreversible inhibitor
(Berden & Slater, 1972).

Enzyme assays
Glutamate dehydrogenase, malate dehydrogen-

ase and succinate dehydrogenase were measured in
mitochondrial suspensions after freeze-thawing.
Glutamate dehydrogenase activity and malate
dehydrogenase activity were measured in the
presence of detergent as described by Schmidt
(1974) and Martin & Denton (1970), respectively.
Succinate dehydrogenase activity was determined
after repeated freeze-thawing according to the
method of Arrigoni & Singer (1962) in a medium
containing 50mM-potassium phosphate, 1.6mM-
phenazine methosulphate, 75 ,M-dichloroindo-
phenol, 1 mM-KCN, 0.1 mM-EDTA and 20mM-
succinate at pH 7.4. Cytochrome c oxidase activity
in freshly isolated mitochondria was estimated by
measuring the rate of oxygen uptake at pH 7.4 in
the presence of 0.25% (w/v) Tween-80, 2OpM-
cytochrome c, lOmM-ascorbate, 50mM-Tris/HCI
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and 1 mM-EDTA. The assay was started by the
addition of 1 mM-NNN'N'-tetramethyl-p-phenyl-
enediamine from a freshly prepared stock solution
(pH about 5) kept in the dark. Autoxidation of
tetramethylphenylenediamine accounted for less
than 2% of the observed rates.

Determinations

Determination of the extramitochondrial ATP/
ADP ratio was carried out as described by
Wanders et al. (1984). In the experiments in which
the extramitochondrial ATP/ADP ratio was
measured, the concentration of ATP added to the
incubation medium was increased to 2mM.

Determination of the membrane potential in
isolated rat-liver mitochondria was carried out by
using the lipophilic cation TPMP+ (Rottenberg,
1979). In short, mitochondria (about 2mg/ml) were
incubated under a gas atmosphere of 100% 02 in
the presence of different concentrations of hexo-
kinase in the standard incubation medium from
which glucose had been omitted. After 1 min of
incubation, glucose (final concn. 20mM) was
added from a concentrated stock solution. After a
further 2min of incubation, 0.l4pM-[3H]TPMP
(0.5pCi/ml) was added. The distribution ofTPMP
was determined after 2min of incubation in the
presence of [3H]TPMP by centrifugation of the
mitochondria through silicone oil into a layer of
14% (w/v) HC104. In a parallel incubation, the
amount ofadhering water was determined by using
[14C]sucrose (0.25pCi/ml) and 3H20 (5jiCi/ml).
Radioactivity in the samples was corrected for
cross-over and quenching.

Protein was determined by a biuret method
(Cleland & Slater, 1953), using egg albumin as
standard.

Materials
Mannitol was supplied by Merck (Darmstadt,

Federal Republic of Germany). T3, PTU, carboxy-
atractyloside and azide were from Sigma (St.
Louis, MO, U.S.A.). L-Thyroxine (T4) was sup-
plied by Koch-Light Laboratories (Colnbrook,
Bucks., U.K.) and phenylsuccinate and duroquinol
by K&K Laboratories (Plainview, NY, U.S.A.).
Antimycin A was from the Nutritional Biochemi-
cals Corp. (Cleveland, OH, U.S.A.), FCCP was a
gift from Dr. P. G. Heytler (E. I. du Pont de
Nemours, Wilmington, DE, U.S.A.). Oligomycin,
nucleotides and enzymes were purchased from
Boehringer (Mannheim, Federal Republic of
Germany). [3H]TPMP was from New England
Nuclear (Boston, MA, U.S.A.) and 3H20 and
[1 4C]sucrose were from The Radiochemical Centre
(Amersham, Bucks., U.K.). All other reagents
were of analytical grade.

Results

Effect of thyroid hormone treatment on State-3
respiration in isolated rat-liver mitochondria

In preliminary experiments, we used the proto-
col of Shears & Bronk (1979) to study the effect of
thyroid hormone on mitochondrial respiration.
Treatment of euthyroid rats with a single, high
dose of T4 (0.8mg/lOOg body wt.) resulted in a
stimulation of State-3 respiration of about 20% in
liver mitochondria isolated 24h after injection
(Table 1, lines 1 and 2).

Since this response was small and rather
variable, the experiments were repeated with rats
which had been made hypothyroid by adding PTU
to the drinking water (Laker & Mayer, 1981). In
the mitochondria from these rats the rate of State-3

Table 1. Effects of thyroid hormone treatment on respiration in isolated rat-liver mitochondria
Treatment of rats, isolation of liver mitochondria and the conditions for measurement of oxygen consumption are
described in the Experimental section. State-3 respiration refers to the rate of oxygen uptake in the presence of
added ADP (0.5mM), State-4 respiration refers to the rate of oxygen uptake in the absence of added ADP. Values
given are means +S.E.M. with the number of observations in parentheses. The statistical significance of the results
obtained with mitochondria from hormone-treated rats and control rats calculated by using Student's t-test are:
*P<0.05; **P<0.025; ***P<0.0005.

Respiration (ng-atom of 0/min
per mg of protein)

Status of donor rats State-3 State-4

Euthyroid
Euthyroid + T4 (24 h)
Hypothyroid
Hypothyroid +T3 (24h)

305 + 10 (6)
360+ 18 (6)**
227 +4 (12)
338 + 7 (12)***
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53+3 (6)
62+4 (6)*
33+1 (12)
46+2 (12)***
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Table 2. Enzyme activities in isolated rat-liver mitochondria from hypothyroid rats
Hormonal treatment of hypothyroid rats, isolation of liver mitochondria and measurement of mitochondrial marker
enzymes are described in the Experimental section. Values given are means + S.E.M. with the number of observations
in parentheses. The statistical significance of the results calculated using Student's t-test were all P> 0.05.

Activity in mitochondria from:

Enzyme Hypothyroid rats T3-treated rats

Glutamate dehydrogenase
(pmol/min per mg of protein)

Malate dehydrogenase
(.umol/min per mg of protein)

Succinate dehydrogenase
(pmol/min per mg of protein)

Cytochrome c oxidase
(ng-atom of 0/min per mg of protein)

1.61 +0.06 (9)

8.67+0.45 (9)

0.178+0.016 (6)

615+ 17 (6)

1.69+0.07 (9)

9.01 +0.47 (9)

0.183 +0.006 (5)

661 +26 (5)

Table 3. Efject of thyroid hormone treatment on the distribution of control during State-3 respiration in isolated rat-liver
mitochondria

Hormonal treatment of hypothyroid rats, isolation of liver mitochondria and determinations of the flux control
coefficients of the different enzymes are described in the Experimental section. Values given are means + S.E.M. with
the number of observations in parentheses. The statistical significance of the differences between mitochondria
from T3-treated and untreated rats calculated by using Student's t-test for paired data are: *P<0.025; **P<0.05.

Flux control coefficient in mitochondria from:

Step

Adenine nucleotide translocator
Dicarboxylate carrier
bc,-Complex
Cytochrome c oxidase
Sum of the measured flux control coefficients

Hypothyroid rats

0.18 +0.04 (3)
0.21 +0.02 (4)
0.21+0.02 (4)
0.14+0.003 (3)
0.74+0.02 (3)

T3-treated rats

0.27+0.05 (3)*
0.34 + 0.04 (4)*
0.14+0.02 (4)*
0.18 + 0.005 (3)*
0.93+0.08 (3)**

respiration was substantially lowered compared
with that in mitochondria from euthyroid rats of
the same age (Table 1, lines 3 and 1). Treatment
with thyroid hormone for 24h reversed this effect
completely (Table 1, lines 3 and 4). In these
experiments, T3 was used instead of T4 in order to
avoid possible interference of PTU with the
conversion ofT4 into T3 (Frumess & Larsen, 1975).
The marked stimulation of State-3 respiration after
T3 treatment was not accompanied by an appreci-
able change in the levels of glutamate dehydro-
genase, malate dehydrogenase, cytochrome c oxi-
dase and succinate dehydrogenase (Table 2).

Efject of T3 treatment on the distribution ofcontrol of
mitochondrial respiration

In order to quantify the amount of control
exerted by different steps on mitochondrial respi-
ration we determined the flux control coefficients
of these steps. This was achieved by carrying out
inhibitor titrations. In control analysis the term
flux control coefficient is now used instead of
'control strength' or 'sensitivity' (for a review of the

new nomenclature see Westerhoffet al., 1984). The
effect of thyroid hormone treatment on the
distribution of control during State-3 respiration
in rat-liver mitochondria is shown in Table 3.
Treatment with T3 resulted in an increase in the
flux control coefficients of the adenine nucleotide
translocator, the dicarboxylate carrier and cyto-
chrome c oxidase. In contrast, the amount of
control exerted by the bc,-complex decreased after
thyroid hormone treatment, indicating that this
step must have been activated. The values found
for the bc,-complex are somewhat higher than
those found by Groen et al. (1982). The reason for
this difference is as yet unclear. The activation
within complex III of the respiratory chain was
accompanied by an increase in the number of anti-
mycin-binding sites (Fig. 1), as determined from
the minimal amount of inhibitor required to obtain
maximal inhibition of oxygen uptake. Treatment
with T3 increased the number of antimycin-
binding sites from 27 + 2 to 42 + 4pmol/mg of
protein (means + S.E.M. for four mitochondrial
preparations in each experimental group). It also
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Fig. 1. E#fect of thYroid hormone treatment on the
inhibition bhi antimlvcin A of State-3 respiration in rat-liver

mitochondria
Hormonal treatment of hypothyroid rats, isolation
of liver mitochondria and conditions for incubation
of the mitochondria are described in the Experi-
mental section. State-3 respiration was initiated by
adding a saturating amount of hexokinase. Differ-
ent amounts of antimycin A (indicated in the
Figure) were added 60-90 s after the addition of
hexokinase. Rates of oxygen uptake in the presence
of inhibitor were expressed as a percentage of the
rate in the absence of inhibitor. The experiment
shown is representative of four different experi-
ments. 0, mitochondria from hypothyroid rats; *,
mitochondria from hypothyroid rats isolated 24h
after treatment with T3.

caused a marked stimulation of State-3 respiration
with duroquinol, which donates its reducing
equivalents directly to complex III (Guerrieri &
Nelson, 1975), as respiratory substrate [from
198+ 18 to 382+6ng-atom of 0/min per mg of
protein (n = 3)].
The results shown in Table 3 indicate that

activation of the bcl-complex was not the only
effect of the hormone treatment. The sum of the
flux control coefficients of the enzymes measured
was significantly higher after T3 treatment
(0.74 + 0.02 compared with 0.93 + 0.08). This indi-
cates a decrease in the flux control coefficient of at
least one enzyme which was not measured in these
experiments, since the sum of all flux control
coefficients in a linear pathway is equal to 1.0
(Kacser & Burns, 1973; Heinrich & Rapoport,
1974a). A possible candidate is succinate dehydro-

genase. Although the Vmax. of succinate dehydro-
genase (measured as the rate of reduction of
dichloroindophenol mediated by phenazine metho-
sulphate in freeze-thawed extracts) did not change
after treatment for 24h with T3 (Table 2), it is
possible that in intact mitochondria the activity
of the enzyme or the affinity towards succinate was
increased. This has been observed in submito-
chondrial particles after treatment of hypo-
physectomized rats with T4 for 7 days (Maddaiah
et al., 198 1).

Additional efjects oJ T3 treatment on mitochondrial
oxidative phosphorylation
The data shown in Table 3 were obtained from

experiments in which mitochondria were incu-
bated under State-3 conditions. Since the distribu-
tion of control of mitochondrial respiration is
strongly dependent on the rate of respiration
(Groen et al., 1982), we also investigated the effect
of the hormone at lower rates of respiration. In
agreement with other reports (Nishiki et al., 1978;
Shears & Bronk, 1979), it was found that also State-
4 respiration was very much dependent on the
thyroid status of the rats (Table 1). Since under
State-4 conditions almost all control of mito-
chondrial respiration is exerted by the passive
permeability of the mitochondrial inner mem-
brane to protons, it can be expected that the stimu-
lation of State-4 respiration by thyroid hormone is
caused by changes in this parameter, as already
pointed out by Shears (1980). The passive per-
meability of the mitochondrial inner membrane to
protons, i.e. the proton leakage pathway, can be
quantified by carrying out a titration with uncou-
pler as described previously by Groen et al. (1982).
The activity of the proton leakage pathway,
expressed as an amount of uncoupler, increased by
about 30% after treatment of hypothyroid rats with
T3 (Fig. 2), almost fully accounting for the
stimulation of State-4 respiration. From these
titrations no conclusions can be drawn about the
process responsible for proton leakage that is
affected by the hormone (cf. Shears & Bronk,
1981). It is not due to a higher adhering ATPase
activity in the mitochondria from the rats treated
with T3, since oligomycin was present in these
experiments.
The effect of thyroid hormone was also investi-

gated at intermediate rates of respiration, obtained
by adding limiting amounts of hexokinase in the
presence of glucose (Fig. 3). Respiration was
stimulated by a constant increment on going from
State 4 up to 80% of State-3 respiration, so that the
percentage of stimulation by thyroid hormone
treatment was much smaller at intermediate rates
of respiration than under State-4 or State-3
conditions. For instance, at about 70%O of maximal
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Fig. 2. E.fect of thyroid hormone treatment on the passive
permeability toprotons ofthe mitochondrial inner membrane

Hormonal treatment of hypothyroid rats, isolation
of liver mitochondria and conditions for incubation
of the mitochondria are described in the Experi-
mental section. Oligomycin (I pg/ml) was added to
the incubation medium. Respiration in mito-
chondria from hypothyroid rats (0) and from hypo-
thyroid rats treated with T3 (@) was stimulated by
titrating with FCCP. The intercept on the abscissa
gives the amount of FCCP corresponding to the
passive permeability to protons. Results of a typical
experiment are shown. In four different experi-
ments this amount of FCCP was 4.48 +0.36pmol/
mg of protein for mitochondria from hypothyroid
rats and 5.76+0.54pmol/mg of protein for mito-
chondria from hypothyroid rats treated with T3
(P<0.005 by Student's t-test).

respiration in mitochondria from hypothyroid rats,
the simulation by thyroid hormone treatment was
about 10%. This can be explained by the high
control on mitochondrial respiration exerted by
hexokinase at intermediate rates of respiration
(Groen et al., 1982). Stimulation of other steps then
has little effect on the flux.
At first sight, the results of the experiment

depicted in Fig. 3 suggest that the effect of thyroid
hormone on mitochondrial oxidative phosphoryl-
ation is not physiologically relevant, since in the
intact tissue the mitochondria operate under
conditions between State 4 and State 3. However,
measurement of the extramitochondrial ATP/
ADP ratio at different rates of respiration
indicates that the effect of thyroid hormone
treatment may yet prove to be important for the
physiological situation. After T3 treatment the
curve relating oxygen uptake and the extramito-
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lCreatine kinasel (units/mg of
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Fig. 3. Efject of thyroid hormone treatment on mito-
chondrial respiration in the presence oJ (a) glucose plus

hexokinase or (b) creatine plus creatine kinase
Hormonal treatment of hypothyroid rats, isolation
of liver mitochondria and conditions for incubation
of the mitochondria are described in the Experi-
mental section. (a) Rates of oxygen uptake in
mitochondria from hypothyroid rats (0) and from
hypothyroid rats treated with T3 (0) in the
presence of 20mM-glucose, 2mM-ATP and different
amounts of hexokinase as indicated in the Figure.
(b) Rates of oxygen uptake in mitochondria from
hypothyroid rats (0) and from hypothyroid rats
treated with T3 (0) in the presence of 20mM-
creatine, 0.5 mM-ATP and different amounts of
creatine kinase as indicated in the Figure. The
experiment shown is representative of three differ-
ent experiments. Enzyme units are pmol/min.
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chondrial ATP/ADP ratio was shifted to higher
values of (ATP/ADP)OUC (Fig. 4). The same

phenomenon is observed when the rate of
phosphorylation, measured as the rate of glucose 6-
phosphate formation, is plotted against the extra-
mitochondrial ATP/ADP ratio, since the P/O ratio
was not affected by thyroid hormone treatment
(results not shown). This is in agreement with the
results of several investigators (Bronk, 1963; Tata
et al., 1963; Chen & Hoch, 1977; Nishiki et al.,
1978) but in contrast to reports from Mowbray and
coworkers (Palacios-Romero & Mowbray, 1979;
Corrigall et al., 1984). The increase in the
extramitochondrial ATP/ADP ratio does not,
however, result in a substantial increase in the flux,
since under the experimental conditions used
hexokinase is relatively insensitive to changes in
the concentrations of ATP and ADP (Wanders et
al., 1984). When creatine kinase, which is much
more sensitive to changes in the ATP/ADP ratio
(Wanders et al., 1984), plus creatine was used as

the ADP-regenerating system, stimulation of mito-
chondrial respiration by the hormone treatment
was about 20%, even at intermediate rates of
respiration (Fig. 3).
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Fig. 4. Effect of' thyroid hormone treatment on the
extramitochondrial ATP/ADP ratio at different rates of

respiration
The experimental conditions were as described in
the legend to Fig. 3(a). After 2min of incubation in
the presence of different amounts of hexokinase, a

sample of the incubation mixture was quenched
with an equal volume of ice-cold HCl04 (final
concn. 3.5%, w/v). Further handling of the samples
is described in the Experimental section. Results
with mitochondria from hypothyroid rats (0) and
from hypothyroid rats treated with T3 (0) were

taken from three experiments.

Rate of mitochondrial oxygen uptake and the extra-
mitochondrial A TP/ADP ratio

It can be postulated that the changed shape of
the curve relating oxygen uptake and the extra-
mitochondrial ATP/ADP ratio after hormone
treatment is a consequence of the same activating
effects on enzymes in this pathway that caused the
increase in State-3 respiration, i.e., the activating
effects on the bc1-complex and, possibly, succinate
dehydrogenase. The difference cannot be due to
the increase in proton leakage observed after T3
treatment (Fig. 2); when proton leakage in mito-
chondria from hypothyroid rats was increased by
adding FCCP in the presence of hexokinase plus
glucose, oxygen uptake was stimulated with a

concomitant decrease in the extramitochondrial
ATP/ADP ratio (results not shown).
The increase in the extramitochondrial ATP/

ADP ratio at a particular rate of respiration could
in principle be a reflection of an increased
membrane potential, since the transport of aden-
ine nucleotides across the mitochondrial inner
membrane is electrogenic (LaNoue et al., 1978).
Shears & Bronk (1979) measured the membrane
potential in liver mitochondria 24 h after treatment
of euthyroid rats with T4. They observed an
increase under State-4 conditions with no apparent
difference under State-3 conditions. Fig. 5 shows
that in our experiments at intermediate rates of

300 .

\ After T3 treatment

200F
N

o\

Hypothyroid100 F

0 130 135
AV (mV)

N%

140 145

Fig. 5. E.fect of thyroid hormone treatment on the
membrane potential in mitochondria at di&jerent rates of

respiration
Hormonal treatment of hypothyroid rats, isolation
of liver mitochondria and determination of the
membrane potential are described in the Experi-
mental section. Rates of oxygen uptake in mito-
chondria from hypothyroid rats (0) and from hypo-
thyroid rats treated with T3 (-) in the presence of
different amounts of hexokinase were measured in

parallel incubations.
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respiration the membrane potential,
from the distribution of TPMP+ (I
1979), was about 5mV higher afi
hormone treatment. However, especi;
tively high rates of respiration, the d
the extramitochondrial ATP/ADP r

predict a difference of about 11 r
membrane potential. This can be calci
the following formula:

AG = F Atf+2.3log [ATP]Out/[AT ~~~[ATP]in/[A
in which AGT is the free-energy di
adenine nucleotide translocation. In 1
tion it was assumed that the hormon
had not affected the activity of t
nucleotide translocator (and thereby A
the Discussion section). An increase i
mitochondrial ATP/ADP ratio of 15°/%
the hormone (results not shown) was
into account.

If, as postulated above, the effect
hormone on the relationship betw
uptake and the extramitochondrial
ratio is due only to the activating effect
respiratory chain, it should be possibl
the change brought about by the hor

150r
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T3-treated + phenylsuccinate

0.5 1.0 1.5
log (ATP/ADP)O5t

Fig. 6. Effect ofphenylsuccinate on the extra
A TP/ADP ratio at difJerent rates of r

mitochondria isolated 24h after treatment
hormone

The experimental conditions were as d
the legend to Fig. 4, except that with mi
from hypothyroid rats treated with T3
mitochondrial ATP/ADP ratio was det(
the presence (0) and absence (*) of 14 r
succinate. The dotted line indicates
relating oxygen uptake and the extramit
ATP/ADP ratio in mitochondria from
hypothyroid rats (experimental points a
for the sake of clarity). Results were take
separate experiments.

, estimated
Rottenberg,
ter thyroid
ally at rela-
lifference in
ratio would
nV in the
ulated using

,DP]out
,DPIn (1)
ifference of
this calcula-
e treatment
he adenine
,GT; see also
in the intra-
'induced by
i also taken

ment in vitro by decreasing the activity of the
respiratory chain. For this purpose we used phenyl-
succinate to decrease the intramitochondrial con-
centration of the respiratory substrate, succinate.
The concentration of phenylsuccinate used was
sufficient to reverse the hormone-induced stimula-
tion of mitochondrial respiration measured in the
presence of 0.3 uM-FCCP (results not shown). This
concentration of phenylsuccinate partially re-
versed the effect of the hormone treatment on the
curve relating oxygen uptake and extramito-
chondrial ATP/ADP ratio (Fig. 6). In particular,
the change in the slope of the curve at intermediate
rates of respiration was reversed only partially.
Partial inhibition of succinate oxidation therefore
seems insufficient to reverse the effect of the
hormone treatment in vitro.

Discussion

This paper describes the application of control
of thyroid analysis to locate the effects exerted by a hormone

een oxygen on mitochondrial oxidative phosphorylation. It
ATP/ADP was observed that the effect of thyroid hormone

ts within the treatment was much more pronounced in hypothy-
le to reverse roid rats than in euthyroid rats. Control analysis
mone treat- applied to experiments with liver mitochondria

incubated under State-3 conditions clearly indi-
cates that thyroid hormone activated at least two
steps: the antimycin-sensitive step in the bc1-
complex and at least one other enzyme, possibly
succinate dehydrogenase.

It has been shown in several studies that the
treated activity of the adenine nucleotide translocator is

stimulated after thyroid hormone treatment (Ba-
bior et al., 1973; Hoch, 1977; Mak et al., 1983).
Activation of the adenine nucleotide translocator
would result in an increase in the difference

*. between the ATP/ADP ratio inside and outside the
mitochondria, since the adenine nucleotide trans-
locator is out of equilibrium already at 30% of
State-3 respiration (Wanders et al., 1981). Such an

2.0 2.5 activation would result in a decrease in the AG of
adenine nucleotide translocation and could thus

'mitochondrial explain the apparent discrepancy between the
respiration in horrtione-induced changes in the membrane poten-
with thyroid tial and the extramitochondrial ATP/ADP ratio

[see eqn. (1) in the Results section]. Furthermore,
escribed in our experiments show that in mitochondria from
itochondria rats treated with T3, the adenine nucleotide
the extra- translocator operates at a higher extramitochon-
ermined in drial ATP/ADP ratio when the same flux through
nM-phenyl- the translocator is induced by the addition of
the curve hexokinase. This indicates that there is an increase
untreated in the affinity of the adenine nucleotide transloca-

ire omitted tor towards extramitochondrial ADP. The in-
n from two crease in the flux control coefficient of the adenine

nucleotide translocator observed after thyroid
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hormone treatment (Table 3) cannot be taken as
evidence against activation of the adenine nucleo-
tide translocator, since the flux control coefficient
of an enzyme is dependent not only on the
properties of the enzyme in question, but also on
the properties of the other enzymes in the pathway.

It has been proposed that changes in the
structure of the mitochondrial inner membrane
play a key role in the effects of thyroid hormone on
mitochondrial oxidative phosphorylation (Hulbert
et al., 1976; Hoch, 1977; Hulbert, 1978). In this
respect, it is of interest to note that State-3
respiration in mitochondria from hypothyroid rats
with duroquinol as respiratory substrate was lower
than when succinate was used. In contrast, in
mitochondria from rats treated with T3, State-3
respiration with duroquinol was higher than with
succinate. These results suggest that thyroid
hormone treatment leads to an increase in the
permeability of the mitochondrial inner mem-
brane for duroquinol.

In conclusion, the results of our experiments
show that thyroid hormone stimulates mitochon-
drial respiration by affecting several steps in the
pathway. Indeed, since the control of mito-
chondrial respiration is distributed among a
number of steps, effective stimulation of this
pathway by thyroid hormone treatment can only
occur if several enzymes are activated simul-
taneously. It would be of interest to know whether
this conclusion also holds for the effect of other
hormones.
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