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Nature of respiratory stimulation in hyperthyroidism: the redox behaviour
of cytochrome ¢
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Abstract Hyperthyroid mitochondria show an increased K, and
Vmax in the high affinity phase of cytochrome oxidase kinetics.
During inhibitor titrations, cytochrome ¢ shows a different redox
behaviour in hyperthyroid with respect to protonophore-treated
euthyroid mitochondria. The observations are discussed in terms
of a different regulation of electron input and output into the
respiratory chain during slip and leak types of uncoupling. In
hyperthyroid mitochondria during inhibitor titrations, the pattern
of the relationship between uncoupler-induced extra-respiration
and membrane potential is highly non-linear. The complex nature
of the respiratory stimulation in hyperthyroid mitochondria is
discussed.
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1. Introduction

Thyroid hormones are the most significant factors in regulat-
ing energy transformations in mammals by both short term (say
few hours) and long term (say few days) effects (for reviews see
[1-3]). In vivo, thyroid hormones are involved in setting the
basal metabolic rate in many target tissues, such as liver, heart,
kidney and brain. Corresponding changes in respiratory activ-
ity occur in mitochondria isolated from tissues of hypo- and
hyperthyroid animals. The nature of the respiratory stimulation
in mitochondria isolated from hyperthyroid rats is the object
of the present work.

In a preceding paper [4] we have obtained evidence that the
respiratory stimulation in hyperthyroidism was linked to an
uncoupling of the proton pumps mainly at the level of cyto-
chrome oxidase. Alterations of cytochrome oxidase are com-
patible with the high sensitivity of electron transport and pro-
ton pumping to variations of distance, milieu, or electric fields
and with the thyroid hormone-dependent regulation of cyto-
chromes subunit synthesis [5,6].

At low ionic strength cytochrome oxidase exhibits a non-
hyperbolic kinetics during oxidation of cytochrome ¢ with two
distinct kinetic phases, high- and low-affinity, and characteris-
tic maximal turnover number (V,,,) and K, [7]. We have found
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Abbreviations.: Ay, transmembrane electrical potential; J,, rate of respi-
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cyanide p-(trifiuoromethoxy)-phenylhydrazone; FCCP-Eu, FCCP-sup-
plemented euthyroid mitochondria; Eu, euthyroid mitochondria;
RLM, rat liver mitochondria; T3, 3,3,5-triiodo-L-thyronine.

that both the K, and V,,, values of the high-affinity low-
turnover phase are increased in hyperthyroid with respect to
euthyroid RLM.

Alterations of cytochrome oxidase activity should be accom-
panied by a modified redox behaviour of cytochrome ¢, direct
electron donor to the oxidase complex. In fact, we have found
a markedly different redox behaviour of cytochrome ¢ during
inhibitor titrations in euthyroid RLM, in euthyroid RLM
partly uncoupled with FCCP and in BSA-supplemented hyper-
thyroid RLM.

By analyzing the pattern of the uncoupler-induced extra-
respiration as a function of the membrane potential during
inhibitor titrations, Brand et al. [8] have suggested a distinction
between leak and slip types of uncoupling. Application of this
analysis to BSA-supplemented hyperthyroid RLM provides a
pattern consistent with the thyroid hormone-induced enhance-
ment of a slip type of uncoupling.

2. Materials and methods

Hyperthyroidism was induced as described in [4]. RLM was prepared
according to standard procedures [9]. The standard incubation medium
contained: 0.2 M sucrose, 30 mM MOPS/Tris, 5 mM succinate/Tris, 0.2
mM EGTA/Tris, 5 uM rotenone, 1 ug/mg oligomycin, catalase, pH 7.4,
T 25°C. T3 and FCCP was purchased from Sigma (St. Louis, MO).
Other reagents were of maximal purity commercial grade. The electrical
potential gradient and the respiratory rate was determined as essentially
described in [4]. In the respiratory inhibitor titrations the same relation-
ships were obtained with malonate, antimycin or myxothiazol. Spectro-
photometric studies were performed as described in [10]. The 100% of
oxidation of the cytochrome ¢ was taken as the absorbance after addi-
tion of excess malonate (5 mM) to respiring RLM, while the 100% of
reduction was assigned as the absorbance after exhaustion of oxygen
[10]. Steady-state activity of cytochrome ¢ oxidase was determined
polarographically in intact RLM at 25°C in the standard incubation
medium (at low ionic strength) by measuring the rate of oxygen con-
sumption upon addition of variable amount of TMPD (0-200 uM) in
the presence of 2 mM ascorbate. The concentration of cytochrome
oxidase was determined from the reduced-minus-oxidized difference
spectra at the wavelength couple 605-630 nm, using a millimolar extinc-
tion coefficient of 27 cm™. ¥, and K, values were obtained for both
phases in the absence and in the presence of excess of FCCP, as de-
scribed in [11].

3. Results

3.1. The cytochrome oxidase kinetics

The average cytochrome oxidase concentration of hyperthy-
roid RLM was about 150% of that of euthyroid RLM, 0.18 and
0.12 nmol/mgprot respectively. The values for the V,, and K,
of the two phases are summarized in Table 1. In the high-
affinity phase, both V,,, and V,_,(U) (where U stands for
uncoupled with excess FCCP) were slightly increased in hyper-
thyroid RLM. In hyperthyroid as compared to euthyroid
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Table 1
Effect of hyperthyroidism upon cytochrome oxidase kinetics®

Parameter Mitochondrial prepn.
measured Control Hyperthyroid
(n=5) (n=3)
High-affinity Viax 679 44 5.2
K, (x1077 M) 24 4.5
Vo (U) 57 6.6 8.3
K., (U) (x1077 M) 4.6 16.3
1 ow-affinity Viax 579 130 136
K, (x107 M) 13.3 13.6
Ve (U) (871 256 288
K., (U) (1075 M) 15.9 15.85

“Zonditions are as described in section 2. The measured parameters are
expressed per nmol heme-aa,. (U) represents the kinetic values deter-
rined by TMPD titrations in the presence of excess of FCCP (150
1 mol/mg).

RLM, the K, and K (U) values were, respectively, 2 and 3
1imes higher. In the low-affinity phase only a slight increase of
the K, was observed in uncoupled hyperthyroid mitochondria.

2. Inhibitor titrations

Fig. 1 shows the malonate titrations of the respiratory rate
ipanel A), the membrane potential (panel B) and the % reduc-
'ion of cytochrome ¢ (panel C), in euthyroid RLM, in FCCP-
partly uncoupled euthyroid RLM, and in BSA-supplemented
iiyperthyroid RLM, from now on denoted as Eu, FCCP-Eu
nd BSA-Hyper RLM, respectively. The concentration of
“CCP (15 pmol/mg) was so selected to provide the same initial
‘espiratory rate in Eu as in BSA-Hyper RLM. Supplementation
vith BSA in hyperthyroid RLM was required to abolish the
nortion of fatty acids-induced stimulation of the respiration [4].
Panel A indicates that the malonate-induced gradual inhibition
f the respiration was identical in FCCP-Eu and in BSA-Hyper
RLM. On the other hand, the short initial constancy of the
nembrane potential was followed by a drastic decline in FCCP-
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Eu RLM and only by a slight diminution in BSA-Hyper RLM
(panel B). Panel C shows that cytochrome ¢ was considerably
more oxidized in FCCP-Eu RLM and became almost com-
pletely oxidized already at 505 respiratory inhibition, while in
BSA-Hyper RLM the oxidation of cytochrome ¢ occurred par-
allel to the inhibition of the respiration. In Eu RLM an interme-
diate behaviour was observed for all the measured parameters.

Three other types of relationships have been analyzed during
the respiratory inhibitor titrations. Fig. 2A shows that the clas-
sical non-linear relationship between respiration and mem-
brane potential observed in Eu RLM became more linear in the
FCCP-Eu RLM, due to the protonophore-induced ohmic in-
crease of the membrane proton conductance [12], and more
markedly biphasic in BSA-Hyper RLM. A larger extent of
linearization occurred at higher FCCP concentrations (results
not shown). The hyperthyroidism-induced increase of bipha-
sicity, attributed to increased slip [4,13], was further enhanced
by the presence of BSA due to removal of free fatty acids (see
[4.14,15)). Fig. 2B shows that, in all cases, addition of malonate
caused a gradual diminution of the extent of cytochrome ¢
reduction while the level of the membrane potential remained
largely unaffected. Only at higher malonate concentrations
there was a marked depression of the membrane potential. The
only difference was a shift of the relationship toward higher
values of membrane potential and of % reduction of cyto-
chrome ¢ in BSA-Hyper and toward lower values in FCCP-Eu
compared to Eu RLM. Fig. 2C shows that in Eu RLM the
inhibition of the respiration was accompanied by an almost
proportional oxidation of cytochrome ¢. Addition of FCCP
resulted in an increased respiration and a decreased % of cyto-
chrome ¢ reduction and transformed the respiration—cyto-
chrome c¢ relationship from proportional into biphasic. The
higher the concentration of FCCP the more marked was the
biphasicity (data not shown). The same results were obtained
in DNP-supplemented RLM. On the contrary, in BSA-Hyper
RLM the same respiratory stimulation was accompanied by an
increased % of cytochrome ¢ reduction and the relationship
became strictly proportional.
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Fig. 1. Effect of increasing malonate concentrations on respiration (A), membrane potential (B) and % of cytochrome ¢ reduction (C) in Eu, FCCP-Eu,
ind BSA-Hyper RLM. Eu RLM (2 mg/ml) were incubated in the absence (0) or in the presence of 15 pmol/mg FCCP (w), Hyper RLM (2 mg/ml)
m the presence of 0.1% BSA (a). After 2 min of incubation, succinate (5 mM) and increasing amounts of malonate (0—5 mM) were added and the
oxygen consumption and membrane potential values were measured. The % reduction of cytochrome ¢ was determined in parallel samples: after
reaching anaerobiosis, an excess of oxygen was added and the response of cytochrome ¢ at 421-407 nm was titrated by increasing amounts of malonate.
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Fig. 2. Relationships between respiration (panel A) or % of cytochrome ¢ reduction (panel B) and membrane potential and between respiration and
% of cytochrome ¢ reduction (panel C) during inhibitor titrations in Eu, FCCP-Eu, and BSA-Hyper RLM. Same conditions and experimental

procedures as in Fig. 1.

3.3. Relationship between DN P-induced extra respiration and
membrane potential in BSA-Hyper and FCCP-Eu
mitochondria

From the patterns of the relationships between uncoupler-
induced extra respiration and membrane potential during in-
hibitor titrations, Brand et al. [8] have suggested a distinction
between leak and slip types of uncoupling in the resting respira-
tion, i.e. leak-dependent if the pattern is linear and slip-depend-
ent if the pattern is non-linear [8]. Fig. 3A shows the relation-
ships between respirations and membrane potentials under four
conditions. The first two were those of the BSA-Hyper and of
the FCCP-Eu mitochondria. Both BSA-Hyper and FCCP-Eu
mitochondria were then treated with a minimal amount of

DNP. In BSA-Hyper mitochondria the relationships remained

highly biphasic even in the presence of DNP. In FCCP-Eu

mitochondria the relationship was exponential in the absence,
and tended to linearity in the presence, of DNP. Fig. 3B shows
the relationship between the DNP-induced extra respiration,
4J,/[DNP], and the membrane potential as derived
from the data in panel A. From this relationship the depend-

ence of the proton pump stoichiometric ratio, H*/O ratio (n),

on the membrane potential may be estimated. According to

Brand et al. [8], if the plot of the DNP-induced extra-respiration

versus Ay is linear, or non-linear, the H*/O ratio of the resting

respiration does not vary, or varies, with the Ay. The inset of

Fig. 3B shows the elaboration of the experimental data indicat-

ing the presumable change of the pump stoichiometry vs. Ay

This calculation has already been used to estimate the change

of the stoichiometry as a function of 4y in mitochondria incu-

bated at different temperature [16]. Following Brand et al. [8]

(see also [16]), the relationship between 4J,/[DNP] and 4y is:

(4J,/[DNPY),, = (L°N*/[DNP]) x (1/n),, x 2y )

where the ratio LPNP/[DNP), i.e. the DNP induced proton
conductance divided by the DNP concentration, is constant
and is not affected by the membrane potential, while the terms
(1/n),, denotes the dy-dependence of the stoichiometric ratio.
To perform the calculation of the dependence of n from 4y, we

have assumed a pump stoichiometry of 6 at low membrane
potential, namely at 100 mV. The value of the ratio LPNP/
[DNP] has been then calculated by inserting into Equation
(1) the values of the AJ,/[DNP] at 100 mV, and of the pump
stoichiometry equal to 6. This allows, by inserting into equation
(1) the experimental values of the 4y J,/[DNP] at each 4y and
the calculated value of LPNP/[DNP], to calculate the value of
the pump stoichiometry at each membrane potential. The inset
of Fig. 3B shows that the changes of the 4J,/[DNP] correspond
to a decrease of the pump stoichiometry in BSA-Hyper mito-
chondria from 6 to 5.2 in the 120-180 mV range, and from 5.2
to 2.2 in the 180-200 mV range. In FCCP-Eu mitochondria the
stoichiometry was almost constant in the 100-150 mV range
and was slightly decreased from 6 to 4.8 in the 150-170 mV
range.

4. Discussion

Horrum et al. [17] have reported in hyperthyroid RLM an
increased content and reduction level for most of the cyto-
chromes and also an enhanced activity for the succinic dehy-
drogenase. In accord with these observations, during uncoupler
titrations we have found a higher percent of cytochrome ¢
reduction in hyperthyroid (data not shown) with respect to
euthyroid RLM [10] at each membrane potential, indicating an
increased level of substrate oxidation in the formers. Further-
more, in our hyperthyroid RLM the average cytochrome oxi-
dase content was about 50% increased compared to that of the
euthyroid RLM. The kinetic analysis of cytochrome oxidase
and the comparison of the thermodynamic behaviour of the
FCCP-Eu and the BSA-Hyper RLM during inhibitor titrations
shed some light on the nature of the respiratory stimulation of
hyperthyroid RLM.

4.1. Alteration of cytochrome oxidase activity

The changes of the kinetic parameters reported in Table 1
confirm the existence of an alteration of the cytochrome oxi-
dase activity in RLM isolated from hyperthyroid rats. Our
kinetic data, on one side, resemble the pattern reported by Sone
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and Nicholls [18] after heat treatment in cytochrome oxidase
proteoliposomes, where also a decrease of the proton pump
stoichiometry was observed. On the other side, they are partly
in accord and partly in contrast with those of Paradies et al. [19]
obtained in heart RLM at high ionic strength, where only a
unique kinetic phase is detectable. These authors found un-
¢1anged the cytochrome oxidase content, and reported an unal-
tred K, value and an increased V,,, in hyperthyroid with
r:spect to euthyroid RLM during oxidation of variable concen-
t-ations of cytochrome c. The enhancement of the cytochrome
¢xidase activity was attributed to an increased content of cardi-
clipids in hyperthyroid heart RLM.

Morgan and Wikstrom [20] have pointed out that, in RLM
1€ total amount of cytochrome ¢ is constant so any biphasic
L inetics observed in intact RLM with TMPD as substrate may
1.0t be related to the kinetics of cytochrome ¢ binding but it may
i rise from the intrinsic properties of the enzyme or from an
interaction of TMPD with the oxidase.

Whatever the molecular explanation, the marked increase of
t1e K, values in our hyperthyroid RLM suggests the presence
« f alterations at the level of cytochrome oxidase. It has been
videly demonstrated that isoforms of the cytochrome oxidase
containing modified subunits have different kinetic parameters.
“hyroid hormones, reguiating the synthesis of certain subunits
| 5,6], may influence the assembly and the final structure of the
« xidase complex. Changes in the lipid environment, in surface
charge, or in pH also determined alterations of the kinetics of
«ytochrome ¢ oxidation. A common property of these factors
1+ the ability to induce conformational changes in the enzyme
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complex, which in turn may influence either the binding of
cytochrome ¢ or the kinetics of the internal electron transfer.
Brand et al. [21] have reported no permanent functional altera-
tions induced by hyperthyroidism of the reconstituted oxidase.
However, conformational changes may be lost during the isola-
tion and reconstitution of the enzyme into liposomes. Recent
data obtained in vitro [22] indicate that thyroid hormones can
bind directly to cytochrome oxidase and induce conformational
changes in the complex.

4.2. The behaviour of cytochrome c in inhibitor titrations

Under conditions of limiting electron supply a striking dis-
crepancy is observed between the behaviours of FCCP-Eu and
BSA-Hyper RLM. While the two systems show the same stim-
ulation of respiration, their initial levels of membrane potential
and of cytochrome ¢ reduction are markedly different. More-
over, the identical inhibition of the respiratory rate is accompa-
nied by a markedly diverse decline of the membrane potential
and of the reduction level of cytochrome ¢ (Fig. 1), leading to
completely different patterns in the relationships between respi-
ration and membrane potential or respiration and cytochrome
c reduction. The linear pattern of the classical respiration-mem-
brane potential relationships (Fig. 2A) in FCCP-Eu RLM has
been attributed to the ohmicity of the FCCP-induced mem-
brane proton conductance [12] while the non-linearity in BSA-
Hyper RLM has been interpreted as due to a potential-depend-
ent slip in the cytochrome oxidase [4].

The non-linearity of the flow—force relationship of BSA-
Hyper RLM may be attributed to non-ohmic proton leaks

10' B
16

T
Mg

- o]
@

%. 8[- J4§

x 3

= 2

£ 22

x

= O}

£

_g 100 150 200

£ Ay , mV

[

—~ 4r

o

z

=)

Z

R

4 2t

—&— BSA / Hyper +DNP
—W—FCCP / Eu DNP

50 100 150 200
Ay , mV

#ig. 3. Relationships between respiration (panel A) or DNP-induced extra respiration (panel B) and Ay in BSA-Hyper and FCCP-Eu RLM. Panel
\: BSA-Hyper and FCCP-Eu RLM were incubated at 25°C with increasing amounts of malonate in the absence (BSA-Hyper, A; FCCP-Eu, 0) or
m the presence of DNP (3.5 uM; A, m). After 2 min incubation, succinate (5 mM) was added and the rate of respiration and the membrane potential
reasured. Panel B: Data from panel A. The 4/, was calculated as the difference of the respiratory rate, at each membrane potential, of the BSA-Hyper
and FCCP-Eu RLM % DNP. Inset: Estimation of the dependence of the H*/O ratio on the membrane potential in BSA-Hyper and FCCP-Eu RLM.

See text for more details.
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[23-25] rather than to slip in the redox proton pumps. An
increase of non-ohmic leaks is observed for the H* leak either
mediated by thermogenin in brown fat mitochondria (for re-
view see [26-28]), or induced by incubation at high tempera-
tures in rat liver mitochondria [16,29], or present as a partial
contribution to the respiration in non-phosphorylating yeast
mitochondria [30], and in other bioenergetic membranes (for
review see [24,25]). According to Brand et al. [8], both in the
presence of ohmic or of non-ohmic leaks the differential respi-
ration is linearly related to the membrane potential and this
linearity indicates that the stoichiometric ratio remains almost
constant. Application of the same approach used in the case of
Fig. 3 indicates that the high temperature-induced increase of
non-ohmic leak gives rise neither to a biphasic differential res-
piration nor to a variation of the stoichiometric ratio [16]. The
decrease of the pump stoichiometry in BSA-Hyper RLM (Fig.
3B) thus supports the view that the stimulation of the respira-
tion of BSA-Hyper RLM is related to proton pump rather than
membrane leaks processes.

The results of Fig. 2 together with those of Fig. 3 indicate that
at high membrane potential the measured respiratory rate ex-
ceeds that required to compensate for the energy dissipation via
leaks, this being the reason why a large part of the respiration
can be inhibited without affecting the membrane potential
[31,32]. Interestingly, also an extensive oxidation of cytochrome
¢ occurs in each system without significant depression of mem-
brane potential (Fig. 2B). The most feasible interpretation for
the biphasic patterns of Fig. 2B is that the electron carriers of
the respiratory chain act as a buffer of electrons during the
inhibitor titration and the cytochromes readjust their redox
equilibria when the electron supply becomes restricted. This
results in a facilitation of the intermolecular electron-transfer,
and consequently, in a net oxidation of cytochrome ¢ accompa-
nied by only a slight diminution of the membrane potential.

Consider now the relationships between respiration and %
of cytochrome ¢ reduction (Fig. 2C). The linearity of this rela-
tionship in BSA-Hyper RLM is presumably due to the rela-
tively high membrane potential which, in a slip type of uncou-
pling, initially is not affected by the respiratory inhibition, and
prevents an extensive oxidation of the cytochrome ¢. On the
other hand, the biphasicity of the relationship in FCCP-Eu
RLM is presumably due to the marked lowering of the mem-
brane potential which, in case of a leak type uncoupling, ac-
companies the inhibition of the respiration, and favours a large
oxidation of cytochrome ¢. The intermediate pattern obtained
for all kind of relationships in euthyroid RLM indicates the
participation of both types of uncoupling processes to the rest-
ing respiration.

In conclusion, the increased rate of substrate oxidation and
the high level of the membrane potential determine a higher
ratio between the rates of input and output of electrons into
cytochrome ¢ in BSA-Hyper with respect to FCCP-Eu RLM.
While the increase of respiration and the redox behaviour of
cytochrome ¢ in FCCP-Eu RLM are consequences of a leak-
type of uncoupling, it is more likely that the equivalent respira-
tory stimulation in BSA-Hyper RLM is due to an increased
substrate oxidation accompanied by a slip-type of uncoupling
for three reasons: (a) the marked biphasicity of the flow-force

I Schmehl et al.| FEBS Letters 375 (1995) 206-210

relationships and of the uncoupler-induced extra respiration,
(b) the alterations of the kinetic parameters of the cytochrome
oxidase, and (c) the redox behaviour of cytochrome c.
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