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The skeletal muscle mitochondria contain two isoforms of uncoupling protein, UCP2 and mainly
UCP3, which had been shown to be activated by free fatty acids and inhibited by purine nucleotides in
reconstituted systems. On the contrary in isolated mitochondria, the protonophoretic action of muscle
UCPs had failed to be demonstrated in the absence of superoxide production. We showed here for
the first time that muscle UCPs were activated in state 3 respiration by linoleic acid and dissipated
energy from oxidative phosphorylation by decreasing the ADP/O ratio. The efficiency of UCPs in
mitochondrial uncoupling increased when the state 3 respiratory rate decreased. The inhibition of the
linoleic acid-induced uncoupling by a purine nucleotide (GTP), was not observed in state 4 respiration,
in uninhibited state 3 respiration, as well as in state 3 respiration inhibited by complex III inhibitors.
On the contrary, the progressive inhibition of state 3 respiration by n-butyl malonate, which inhibits
the uptake of succinate, led to a full inhibitory effect of GTP. Therefore, as the inhibitory effect of
GTP was observed only when the reduced state of coenzyme Q was decreased, we propose that the
coenzyme Q redox state could be a metabolic sensor that modulates the purine nucleotide inhibition
of FFA-activated UCPs in muscle mitochondria.
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INTRODUCTION

The function, regulation, and physiological role of
the uncoupling protein of brown adipose tissue (UCP1,
thermogenin) are well described: (i) UCP1 catalyzes the
dissipation of the proton electrochemical gradient built
up by the respiratory chain, (ii) its activity is stimu-
lated by free fatty acids (FFA) and inhibited by purine
nucleotides (PN) di- and triphosphates, and (iii) it is

1 Laboratory of Bioenergetics, Adam Mickiewicz University, Poznan,
Poland.

2 W. Jarmuszkiewicz and R. Navet contributed equally to this work.
3 Laboratory of Bioenergetics, Center of Oxygen Research and Devel-

opment, Department of Life Sciences, Institute of Chemistry B6c,
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responsible for a nonshivering thermoregulatory thermo-
genesis in newborn, hibernating, and cold acclimated an-
imals (Klingenberg and Echtay, 2001; Nicholls and Rial,
1999). Since 1995, novel mitochondrial UCPs have been
discovered in plants (Laloi et al., 1997; Vercesi et al.,
1995), in various mammalian tissues including ubiqui-
tous UCP2 (Fleury et al., 1997), predominantly skeletal
muscle-specific UCP3 (Boss et al., 1997; Vidal-Puig et al.,
1997) and brain-specific UCP4 and UCP5 (Mao et al.,
1999; Sanchis et al., 1998), as well as in other eukary-
otic organisms like soil amoeba Acanthamoeba castel-
lanii (Jarmuszkiewicz et al., 1999), nonfermentative yeast

Key to abbreviations: AA, antimycin; BSA, bovine serum albumin;
FFA, free fatty acids; GTP, guanosine triphosphate; Jo, respiratory
rate in phosphorylating state 3; Jp, rate of ATP synthesis; LA, linoleic
acid; MX, myxothiazol; PN, purine nucleotides; UCP, uncoupling pro-
tein; ��, mitochondrial membrane electrical potential; nBM, n-butyl
malonate; CoQ, coenzyme Q.
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Candida parapsilosis (Jarmuszkiewicz et al., 2000b), and
mycetozoan Dictyostelium discoideum (Jarmuszkiewicz
et al., 2002b). All these uncoupling proteins form a
subfamily within the mitochondrial anion carrier pro-
tein family. The discovery of these “novel UCPs” raises
the question of their physiological role in various non-
thermogenic mammalian tissues, in plants, and in mi-
croorganisms (Jarmuszkiewicz et al., 2001; Ježek, 2002;
Sluse and Jarmuszkiewicz, 2002). In any case, three po-
tential basic roles of all UCPs are the consequences
of their protonophoretic action: (i) control of energy
metabolism balance between reducing substrate supply
and energy and carbon demand through an acceleration of
the metabolism caused by an increase in the respiratory
rate (Jarmuszkiewicz et al., 2001); (ii) reduction in reac-
tive oxygen species formation by decreasing the reduced
state of the respiratory chain electron carriers (Skulachev,
1998), and (iii) mild thermogenesis related to an increase
in the respiratory rate (Skulachev, 1998).

The novel mammalian UCPs, mainly UCP2–3
are suspected to be implicated in several physiological
and physiopathological processes such as body weight
regulation and obesity, adaptive thermogenesis, apoptotic
processes, type II diabetes, and heart failure (for recent
review see Argyropoulos and Harper, 2002; Ježek, 2002).
Whatever could be the in vivo role, all UCPs represent a
potential danger for the energy conservation and conse-
quently they must be finetuned regulated. Besides up- and
downregulation of their expression, biochemical regula-
tions are involved. The first line of regulation is FFA acti-
vation of UCP1 and of plant (Jarmuszkiewicz et al., 1998a,
2000a; Ježek et al., 1997), protozoan (Jarmuszkiewicz
et al., 1999), yeast C.parapsilosis (Jarmuszkiewicz et al.,
2000b), mycetozoan (Jarmuszkiewicz et al., 2002a) UCPs
as well as UCP2–3 (Echtay et al., 2001). Inhibition by
PN has also been observed for UCP2–3 in reconstituted
system (Jaburek et al., 1999; Žácková et al., 2003) and
for UCP in isolated mitochondria of C. parapsilosis
(Jarmuszkiewicz et al., 2000b). UCP1 inhibition by PN
is lowered by alkaline pH (Huang et al., 1998), but pH
modulation of UCP2–3 uncoupling remains uncertain
(Žácková et al., 2003). Cofactors like coenzyme Q10
(Echtay et al., 2000, 2001) and superoxide (Echtay et al.,
2002) are claimed to be required in order to observe
FFA-induced activation of UCP2–3 and only this “super-
oxide activated” state has been inhibited by PN di- and
triphosphates in isolated kidney or muscle mitochondria
(Echtay et al., 2002). However, conflicting results have
been obtained with heterologously expressed UCP1,
UCP2, and UCP3 in reconstituted systems, where no su-
peroxide activation is required to observe PN-sensitivity
of FFA-activated H+ translocation and where oxidized

coenzyme Q has neither a significant activating effect nor
an effect on PN regulation (Jaburek and Garlid, 2003;
Žácková et al., 2003). It must be pointed out that with
regard to the apparent PN affinities of reconstituted UCPs
(Echtay et al., 2001; Žácková et al., 2003) and to the
in vivo PN concentrations (2–15 mM), UCPs should be
almost fully inhibited under in vivo condition even in the
presence of FFA and cellular magnesium, unless unknown
regulatory factors or mechanisms modulate the inhibition
by PN.

Since UCP and ATP synthase are able to consume
�µH+ built up by the proton pumps of the respiratory
chain, they may be considered as two branching pathways
contributing to respiration. UCP is a �µH+ energy-
dissipating path and ATP synthase is the �µH+ energy-
conserving path. Preparation of mitochondria depleted
of their FFA [from green tomato fruit (Jarmuszkiewicz
et al., 2000a), A. castellanii (Jarmuszkiewicz et al.,
1999), C. parapsilosis (Jarmuszkiewicz et al., 2000b), and
D. discoideum (Jarmuszkiewicz et al., 2002a)] and sub-
sequent observation of the decrease in ADP/O induced
by linoleic acid (LA) addition have allowed calculation
of the contribution of the LA-induced uncoupling and
ATP synthesis in state 3 respiration using pair measure-
ments of ADP/O ratios in the absence or presence of
LA (the ADP/O method developed in Jarmuszkiewicz
et al., 2000a). The LA-induced �µH+-dissipating ac-
tivity responsible for a decrease in ADP/O ratio was
attributed to the UCP activity only. However, several mem-
bers of the mitochondrial carrier family are known to
mediate the protonophoretic action of FFA, which can
be inhibited by their specific substrates and inhibitors:
the ADP/ATP carrier (Andreyev et al., 1989), the dicar-
boxylate carrier (Wieckowski and Wojtczak, 1997), the
aspartate/glutamate carrier (Samartsev et al., 2000), and
the phosphate carrier (Žácková et al., 2000). Thus, the
observed LA-induced H+ recycling could be mediated,
at least in part, by these carriers likely at high mem-
brane potential (state 4 respiration) but unlikely during
phosphorylating respiration where the ADP/ATP, dicar-
boxylate, and phosphate carriers are employed in the
import of ADP, succinate, and phosphate, respectively
(Jarmuszkiewicz et al., 2000a). Furthermore, in tomato
fruit mitochondria, some pieces of evidence in favor of
the main responsibility of UCP in the LA-induced H+

recycling have been obtained during postharvest ripen-
ing (Almeida et al., 1999). Indeed, positive correlation
has been established between UCP protein concentration
in the membrane and amplitude of the effects induced
by LA in state 4 respiration. The same correlation has
been observed in cold-stressed Acanthamoeba castellanii
(Jarmuszkiewicz et al., 2004) and in skeletal muscle after
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starvation (Navet et al., unpublished results) where UCP
protein expression increases in parallel with the LA effect
on state 4 respiration and ADP/O ratio.

As biochemical studies in the absence of superoxide
production (Echtay et al., 2002; Talbot et al., 2004) have
so far failed to reveal uncoupling by UCP2 and UCP3
in isolated mitochondria (Jaburek and Garlid, 2003), the
aim of present work based on the ADP/O method is to
determine the actual contribution of the LA-induced un-
coupling protein (UCP2–3) activity in state 3 respiration
and to demonstrate their efficiency to uncouple oxidative
phosphorylation. For this purpose, we have isolated skele-
tal muscle mitochondria fully depleted of FFA and de-
scribed how the LA-induced uncoupling contribution var-
ied during titration of state 3 respiration (with succinate as
oxidizable substrate) either when the rate of succinate de-
hydrogenase is decreased by succinate uptake limitation
or when complex III activity is decreased by antimycin
A or myxothiazol. On the basis of our results we propose
that muscle FFA-activated UCPs can divert energy from
oxidative phosphorylation in vitro (more efficiently with
decreasing respiration as UCP contribution is constant at
a given LA concentration) and that GTP inhibits the LA-
induced UCP activity in a way that could be modulated
by the redox state of membranous coenzyme Q (CoQ).

MATERIAL AND METHODS

Mitochondrial Isolation

Mitochondria were isolated from hind limb skeletal
muscles of male Wistar rats (6–8 week-old) by homoge-
nization in ice-cold medium containing 100-mM sucrose,
100-mM KCl, 50-mM Tris-HCl, 1-mM K2HPO4, 0.1-mM
EGTA, and 0.2% BSA, pH 7.4, followed by differential
centrifugation (Tonkonogi and Salhin, 1997). The final
mitochondrial pellet was resuspended in ice-cold stor-
age buffer containing 225-mM mannitol, 75-mM sucrose,
10-mM Tris-HCl, and 0.1-mM EDTA, pH 7.4. The pro-
tein concentration was usually around 20–30 mg mL−1, as
determined by a modified Biuret method (Gornall et al.,
1949). Depletion of endogenous FFA was ensured by the
presence of 0.2% fatty acid-free BSA in isolation buffers.
For each mitochondrial preparation, full depletion of FFA
was verified by measuring the effect of BSA on the LA-
induced respiration in the presence of oligomycin (2.5-µg
mg−1 protein) as described in Fig. 1(A).

Assay Procedures

Mitochondrial respiration was measured using a
Clark-type electrode (Hansatech) in 1.3 mL of standard

Fig. 1. Experimental setting: (A) Effect of LA on respiratory rates and
membrane potential (��) of skeletal muscle mitochondria depleted of
FFA; (B) Effect of LA on coupling parameters. (A), Mitochondria are
incubated as described in Material and Methods in the presence of 5-mM
succinate (plus 5-µM rotenone and 80-µM ATP) as oxidizable substrate
and oligomycin to inhibit ATP synthase. Mitochondria (mito), 10-µM
LA, and 0.5% BSA are added where indicated. (B), Mitochondria respire
in state 4 in the absence (solid line) or presence (dashed line) of 10-µM
LA. For state 3 respiration, ADP pulse (twice for −LA condition, once
for +LA condition) is added. After the ADP pulse(s), membrane poten-
tial is collapsed when zero oxygen is reached. Numbers on the traces
refer to oxygen consumption rates. The membrane potential is given
in mV.

incubation medium (25◦C) containing: 225-mM manni-
tol, 75-mM sucrose, 10-mM Tris-HCl, 0.5-mM EDTA,
5-mM K2HPO4, and 10-mM KCl, pH 7.4, with 0.5
mg of mitochondrial protein. Succinate (5 mM) plus 5-
µM rotenone was used as oxidizable substrate. ATP (80
µM) was needed to ensure the activation of succinate
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dehydrogenase. The ADP/O ratio was calculated using
the total amount of oxygen consumed during state 3 res-
piration (Jo) induced by a pulse of 230 nmoles of ADP.
ADP/O ratio and Jo were used to calculate the rate of ADP
phosphorylation (Jp = Jo × ADP/O).

Mitochondrial Membrane Electrical
Potential Measurements

The mitochondrial membrane electrical potential
(��) was measured using a tetraphenyl phosphonium
(TPP+)-selective electrode (Kamo et al., 1979), in a final
volume of 3 mL in the presence of 5.8-µM TPP+, un-
der the same conditions as used for oxygen uptake. The
membrane potential was calculated by assuming that the
TPP+ distribution between mitochondria and the medium
followed the Nernst’s equation. A calibration in the ab-
sence of mitochondria was obtained by three succes-
sive additions of TPP+ up to a final concentration of
5.8 µM. For calculation of the �� value, the matrix vol-
ume of skeletal muscle mitochondria was assumed to be
2-µL mg−1 protein.

The Redox State of Coenzyme Q Determination

The redox state of CoQ, i.e., the reduced quinone
versus the total endogenous pool of quinone in the inner
mitochondrial membrane was determined in mitochon-
drial steady-state 3 respiration by an extraction technique
followed by HPLC measurements according to Van den
Bergen et al. (1994). For calibration of the HPLC peaks,
commercial Q9 was used.

Chemicals

Q9 was purchased from Sigma, and BSA and nu-
cleotides from ICN Biochemicals. All chemicals were of
the highest purity grade.

RESULTS

Effect of Linoleic Acid on Respiratory Rates
and Membrane Potential

All experiments are performed with isolated mus-
cle mitochondria depleted of endogenous FFA, in the
presence of succinate (plus rotenone) as oxidizable sub-
strate. Figure 1 presents an example of �� and oxy-
gen uptake measurements in the presence or absence of

LA. Figure 1(A) shows an increase in state 4 respiration
(plus oligomycin that inhibits ATP synthase) (from 35 to
65-nmol O/min/mg of mitochondrial protein) following
the addition of 10-µM LA. This acceleration in the respi-
ratory rate is accompanied by a drop in �� from 180 to
169 mV. The initial respiratory rate and �� are reestab-
lished by subsequent addition of 0.5% BSA that chelates
FFA. The similar respiratory rates before the addition of
LA and after the addition of BSA demonstrate the absence
of endogenous FFA in muscle mitochondria isolated by
our procedure. This FFA depletion is required for all ex-
periments reported here. The ADP/O ratio (the amount of
phosphorylated ADP versus the amount of reduced oxy-
gen atom) and state 3 respiration rate (Jo) are measured
during ADP pulses in the absence or in the presence of
LA [Fig. 1(B)]. In state 4 respiration (in the absence of
oligomycin), the presence of 10-µM LA almost doubles
the respiratory rate and clearly decreases �� [as in the
presence of oligomycin, Fig. 1(A)], while in state 3 respi-
ration 10-µM LA scarcely modifies steady state respira-
tory rate (slight decrease) and has no effect on membrane
potential and then seemingly does not uncouple the respi-
ration in state 3. However, the ADP/O ratio is significantly
lowered by LA suggesting that the fatty acid activates an
uncoupling system able to decrease the phosphorylation
yield. The effects of LA on �� in state 4 and on ADP/O
in state 3 are LA-concentration dependent (not shown).
Thus, the method based on the determination of oxida-
tive phosphorylation yield can be used to investigate the
LA-induced uncoupling in isolated skeletal muscle mito-
chondria fully depleted of endogenous FFA during state 3
respiration.

Constancy of the Linoleic Acid–Induced Proton Leak
During Respiration Titration in the Absence of GTP

The amplitude of proton leak induced by the
addition of LA can be determined in state 3 respiration
(Jarmuszkiewicz et al., 2000a) by the decrease of ADP/O
ratio when the rate of oxygen consumption is titrated
with various inhibitors. Respiration in the presence of
succinate as oxidizable substrate (plus rotenone to inhibit
complex I) can be titrated with n-butyl malonate (nBM),
a competitive inhibitor of succinate uptake. n-Butyl
malonate inhibits respiration upstream the ubiquinone
pool leading to a decrease in the CoQ reduction level. On
the contrary, inhibitors of complex III like myxothiazol
(MX) and antimycin A (AA) increase the CoQ reduction
level by inhibiting the oxidation of ubiquinol (CoQH2)
(Jarmuszkiewicz et al., 2002b; Van den Bergen et al.,
1994). The rate of ADP phosphorylation (Jp) can be
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calculated by multiplying the measured ADP/O ratio by
the corresponding (measured in the same assay) state
3 respiratory rate (Jo) and plotted versus the state 3
respiratory rates. The selected concentration of 10-µM
LA allows titration of large range of Jo by the inhibitors
that still enables the ADP/O ratio determinations.

In the absence of GTP and LA, titration of respira-
tion with nBM reveals a linear relationship between Jp

and Jo crossing the abscissa axis on the right of the origin
[Fig. 2(A)]. This means that a part of state 3 respiration
of FFA-depleted mitochondria is sustained by a constant
endogenous H+ leak (within the range of titration, see
Discussion), assuming that the slope of the straight line
(1.55) is the intrinsic ADP/O ratio, i.e., the product of the
stoichiometric ratio of ATP synthase (ADP/H+) and of
the cytochrome pathway (H+/O). Remarkably the same
titration range of state 3 respiration in the presence of
10-µM LA indicates that LA induces an additional con-
stant H+ leak (shift of the straight line to the right) with
no modification of the intrinsic stoichiometric ADP/O
ratio [Fig. 2(A)] as the slope of the linear relationship
in the presence of LA is not modified when compared
to the slope of the linear relationship in the absence
of LA.

In the absence and in the presence of LA, titrations of
respiration with MX and AA [Fig. 2(A)] yield the same Jp

versus Jo relationship as with nBM [Fig. 2(B)]. This iden-
tical effect of inhibitors acting either on succinate uptake
(nBM) or on complex III (AA, MX) has an important sig-
nificance. Indeed, it means that the variation of redox state
of CoQ (more oxidized with increasing concentrations of
nBM and more reduced with increasing concentrations of
MX or AA) has no effect on the LA-induced H+ leak (the
putative UCP activity) since it remains constant at 10-µM
LA in all titrations. This is in accordance with results ob-
tained for kidney mitochondria (containing UCP2) where
the basal proton conductance is not affected by the redox
state of endogenous CoQ even when endogenous FFA are
not chelated by BSA (Echtay and Brand, 2001)

Effect of Linoleic Acid During Respiration Titration
in the Presence of GTP

In order to check if the LA-induced H+ leak ob-
served during state 3 respiration can be attributed to mus-
cle UCPs’ activation, we have investigated whether this
leak is sensitive to purine nucleotides or not. For these
assays, we have chosen 2-mM GTP. Titrations of state 3
respiration with nBM show that 2-mM GTP has no effect
in the absence of LA [Fig. 3(A)] on Jp versus Jo relation-
ship. This means that 2-mM GTP has no protonophoric

Fig. 2. Relationship between the rate of ADP phosphorylation (Jp) and
the rate of oxygen uptake in state 3 respiration (Jo) in the absence of
GTP. (A), titration of respiration with n-butyl malonate (nBM) from 0
to 1 mM, in the absence (no LA) or presence (+ LA) of 10-µM linoleic
acid. Solid straight lines are least square regression lines. (B), titration
of respiration with AA (�) from 0 to 65 nM or with MX (�) from 0 to
80 nM in the absence (no LA) or presence (+ LA) of 10-µM LA. Straight
lines are those calculated in (A). In (A) and (B) the respiration sustained
by the residual endogenous leak (∗) is about 20-nmol O × min−1 ×
mg−1 protein, and the respiration sustained by the LA-induced leak (∗∗)
is around 30-nmol O × min−1× mg−1 protein. Dotted line is a virtual
titration without leak. Data deal with 11 mitochondrial preparations that
also provide data for Fig. 3.
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Fig. 3. Relationship between the rate of ADP phosphorylation (Jp) and
rate of oxygen uptake in state 3 respiration (Jo) in the presence of
2-mM GTP. Straight lines are those calculated in Fig. 2(A). (A), titration
of respiration with nBM in the absence (◦) or presence (•) of 10-µM
LA. Inset, membrane potential (��) versus Jo in the presence of GTP
and in the absence (◦) or presence (•) of LA, and in the absence of
GTP and presence of LA (+). The mean value of �� was 158 ± 2 mV
SD, n = 20). (B), titration of respiration with AA (�) or MX (�) as in
Fig. 2(B).

effect by itself and does not affect the intrinsic coupling
ratio of the cytochrome pathway (H+/O) and of the ATP
synthase (ADP/ H+). This finding is very important in or-
der to allocate a possible GTP effect on the FFA-induced

proton leak to UCP excluding parasitical effects of this nu-
cleotide on the oxidative phosphorylation system. In the
presence of 10-µM LA, the GTP-specific full inhibition of
the LA-induced H+ leak in state 3 respiration is observed
at a low Jo obtained with high nBM concentrations, but
not at a high Jo obtained without nBM or with low nBM
concentrations [Fig. 3(A)]. The inhibitory effect of GTP
is a strong indication that the LA-induced H+ leak can be
allocated to the activation of muscle UCPs by LA. The
evolution of this inhibitory effect with state 3 respiration
rate suggests that the GTP inhibitory efficiency is under
the control of a factor that varies with state 3 respiratory
rate, i.e., either the inhibitor concentration itself (nBM),
membrane potential, or the CoQ redox state.

Control of the GTP Inhibitory Effect

Changes in the membrane potential with the decrease
of Jo does not explain the progressive inhibition of the LA-
induced H+ leak in the presence of GTP as �� in state 3
remains constant in the Jo range corresponding to the in-
hibitory transition of GTP [Fig. 3(A), inset]. Moreover, a
possible direct effect of nBM on the LA-induced H+ leak
inhibition by GTP is excluded by the fact that state 4 respi-
ration, enhanced by the presence of 10-µM LA, remains
fully insensitive to GTP [Fig. 4(A)] even at the highest
nBM concentration. Thus, the LA-induced H+ leak in-
hibition by GTP during nBM titration is suspected to be
related to CoQ redox state. Indeed, GTP has no effect on
the LA-induced leak when state 3 respiration is decreased
by complex III inhibitors, AA or MX [Fig. 3(B)], which
are known to increase the reduced state of CoQ contrarily
to nBM (Jarmuszkiewicz et al., 2002b; Van den Bergen
et al., 1994). Figure 4(B) shows the change of CoQ re-
duction level versus state 3 respiratory rate during nBM
titration in the presence of GTP (no LA), in the pres-
ence of LA (no GTP), or in the presence of both GTP
and LA. In these three conditions, titration with nBM de-
creases the reduced form of CoQ and a single CoQ redox
state versus Jo relationship is obtained within our titration
range. This single relationship clearly demonstrates that
the activity of the cytochrome pathway is not affected by
LA and/or GTP as nBM acts upstream the cytochrome
pathway.

In Fig. 5(A), it is shown that the inhibition by GTP
of the LA-induced H+ leak expressed in H+ flux (JH+)
becomes effective within a narrow range of the CoQ re-
dox state, as the transition between the fully inefficient
and fully efficient inhibition by GTP occurs between 64%
and 57% of CoQ reduction level. Consequently, the ox-
idative phosphorylation yield (ADP/O) in the presence of
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Fig. 4. Influence of nBM concentration on state 4 respiration (A) and
variation of reduction level of CoQ with state 3 respiration (B). Measure-
ments in the absence of LA and presence of 2-mM GTP (◦), in the pres-
ence of 10-µM LA and 2-mM GTP (•), and in the absence of GTP and
presence of 10-µM LA (+). (A), State 4 (V4) respiration was measured
in the presence of carboxyatractyloside and oligomycin (1 and 2.5-µg
mg−1 protein, respectively). (B), reduction level of CoQ (QR/QT) versus
state 3 respiration (Jo). Data deal with a single representative mitochon-
drial preparation. The straight line is the least square regression line.

both LA and GTP is modulated within the same narrow
range of CoQ redox state [Fig. 5(B)], i.e., the oxidative
phosphorylation yield is lowered by the LA-induced H+

leak (most likely FFA-activated UCP-sustained) at high

Fig. 5. Influence of CoQ reduction level on the proton leak (A) and on
the oxidative phosphorylation yield (B). (A), proton leak rate (J+

H) versus
CoQ reduction level (QR/QT) in the presence of 10-µM LA and 2-mM
GTP [from data of Figs. 3(A) and 4(B)]. J+

H was calculated from the H+
leak-sustained respiratory rates and based on the stoichiometric 6H+/O
ratio of the cytochrome pathway, i.e., J+

H = 6 × Jo× [1−(ADP/O)/1.55],
where 1.55 represents a slope of regression lines obtained in Fig. 2(A).
Horizontal lines indicate the uninhibited total leak (around 300-nmol
H+ × min−1× mg−1 protein) observed for CoQ reduction level higher
than 64 % and the endogenous residual leak (around 120-nmol H+ ×
min−1× mg−1 protein) observed for CoQ reduction level below 57%.
(B), ADP/O ratio versus QR/QT in the absence of LA and presence of
2-mM GTP (◦), in the presence of 10-µM LA and 2-mM GTP (•), and
in the absence of GTP and presence of 10-µM LA (+) [from data of
Figs. 2(A), 3(A), and 4(B)].
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CoQ reduction level and is maximized by GTP inhibition
of the LA-induced H+ leak at low CoQ reduction level.

DISCUSSION

For the first time, we provide a strong support that
(i) in isolated muscle mitochondria respiring in state 3, the
LA-induced GTP-sensitive UCP activity is able to uncou-
ple the oxidative phosphorylation and that (ii) the inhibi-
tion of this FFA-induced UCP activity by GTP could be
under control of the redox state of endogenous membra-
nous CoQ.

It must be pointed out that in state 3 respiration the
activation of muscle UCPs by 10-µM LA does not de-
crease the membrane potential [Fig. 1, Fig. 3(A) inset] in
a detectable way but has nevertheless an effect on the ATP
synthesis yield (ADP/O ratio) due to a high sensitivity of
ATP synthase to minute decreases (steep dependence) of
��. Respiratory rate in state 3 (Fig. 1) is not increased
by LA because the cytochrome pathway is insensitive to
such minute decreases in ��. Furthermore, the 10-µM
LA-induced leak (which is constant) is not sensitive to the
minute �� decreases occurring when respiratory rate is
decreased by titration with nBM, MX, or AA within the
reported inhibition range. Of course, the linear relation-
ships shown in Figs. 2 and 3 must fail at higher inhibition
levels because the protonmotive force and consequently
the proton leaks will decrease and ultimately vanish to-
gether with the phosphorylation rate for nil or close to
respirations. Nevertheless, a linear extrapolation till the
abscissa (Figs. 2 and 3) provides valuable assessments
of the proton leak-sustained respirations (plus or minus
10-µM LA) at the almost constant protonmotive force
prevailing in the reported experimental conditions. These
proton leak-sustained respirations are lower than state 4
respirations (plus or minus 10-µM LA) that occur at a
higher protonmotive force. The fact that proton leaks re-
main not negligible in state 3 in the absence of LA cannot
be predicted a priori. For instance, the residual endoge-
nous proton leak of FFA-depleted tomato fruit mitochon-
dria (Jarmuszkiewicz et al., 2000a) and Acanthamoeba
castellanii mitochondria (Jarmuszkiewicz et al., 1998b)
does not contribute significantly to state 3 respiration. In
such a case, the ADP/O ratio remains constant during nBM
titration, i.e., the Jp versus Jo relationship is a straight line
passing through the origin (the dotted line of “virtual titra-
tion” in Fig. 1).

As already reported in the Introduction, the contribu-
tion of the ADP/ATP, phosphate, and dicarboxylate carri-
ers in the LA-induced uncoupling in state 3 respiration is
likely negligible because of the presence of their specific
substrates. In this work, we bring a new strong argument

against participation of these carriers in the LA-induced
uncoupling in state 3 respiration in isolated mitochondria
as GTP is able to specifically inhibit the LA-induced pro-
ton leak. Indeed, if the ADP/ATP carrier that is known to
be able to bind GTP (McKee et al., 2000) was responsi-
ble for the GTP inhibited LA-induced H+ leak through
full inhibition of the carrier i.e. when the GTP inhibition
is 100%, it would be impossible to measure ADP/O ratio
because Jo would be equal to state 4 respiration. The same
considerations also exclude the phosphate carrier. On the
other hand, if the dicarboxylate carrier was responsible for
the GTP effect through full inhibition of the carrier, both Jo

and Jp would be null. Concerning the aspartate/glutamate
carrier, so far no data show that it is inhibited by purine
nucleotides. Thus, we can conclude that the LA-induced
proton leak observed in isolated muscle mitochondria is
most likely mediated by muscle UCPs.

It could be argued that in our experiments, the pres-
ence of 80-µM ATP (to activate the succinate dehydro-
genase) and 177-µM ADP (needed for the ADP pulse)
would have inhibited almost all activity of UCP. Indeed
Ki values lower than 1 µM (Echtay et al., 2001) or around
100 µM (Jaburek and Garlid, 2003) have been reported
for ATP and/or ADP when UCP2 and UCP3 were re-
constituted into liposomes. Dissociation constants of ATP
and GTP bound to isolated UCP3 and/or UCP2 have been
reported to be in the 1–6-µM range (Jekabsons et al.,
2002; Žácková et al., 2003). Skeletal muscle mitochon-
dria bound GTP with Kd equal to 0.14 µM in the presence
of carboxyatractylate preventing binding to the ADP/ATP
carrier (Žácková et al., 2003). It is noteworthy that with
regard to such high affinities for PN, UCP2 and UCP3
should be almost fully inhibited in the presence of normal
cellular PN concentrations, therefore leading to a ques-
tionable inefficiency of UCP-mediated uncoupling in vivo.
As pointed out by Jaburek and Garlid (2003) a physiolog-
ically relevant definition of UCP activation should be a
reduction of the PN affinities by a biological compound
that would interact with the nucleotide binding site of
UCP. A physiologically relevant compound could be the
reduced CoQ. Indeed when it decreases [when respira-
tory rates decrease, see Fig. 4(B)] the inhibition efficiency
of GTP increases and the activity of muscle UCPs be-
comes GTP-sensitive when the CoQ reduction level is be-
low 64% (in state 3 respiration) and fully inhibited when
it is below 57% (Fig. 5). It is likely that the inhibition
of FFA-activated muscle UCPs by ADP and ATP is also
under the control of factor(s) decreasing their efficiency
and allowing UCPs’ activity to occur in our experimen-
tal conditions with moderate adenine nucleotide concen-
trations (80-µM ATP + 177-µM ADP). Alternatively,
an unknown “UCP-like” protein could be put forward to
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explain our observations. Although, even if not completely
excluded, this perspective would only shift the problem.
At the present stage of investigation, it is more meaningful
to discuss our results as a probable activation/inhibition of
muscle UCPs.

The molecular mechanism of the CoQ redox state
effect on UCP inhibition by PN has still to be elucidated.
Importantly, it is not at all related to a direct effect of
CoQ as a UCP “obligatory” cofactor (Echtay et al., 2000,
2001) that has been recently shown to be a result of solvent
effects (Jaburek and Garlid, 2003). Furthermore, the activ-
ity of UCP1 has been shown to be similar when expressed
in CoQ-containing and CoQ-deficient yeast mitochondria
(Esteves et al., 2004). In the present study, we show that
in isolated muscle mitochondria, the CoQ redox state has
no effect at the level of FFA-induced UCP activity in the
absence of GTP (Fig. 2) and it only regulates the activ-
ity indirectly through the efficiency of inhibition by GTP
(Fig. 3). This corresponds to the physiologically relevant
definition of UCP activity regulation proposed by Jaburek
and Garlid (2003).

According to our findings, muscle UCPs may be ac-
tive in isolated mitochondria under state 4 respiration,
but their activity could be insensitive to GTP due to the
high reduction level of CoQ in this resting respiration.
Thus, the lack of inhibition of the FFA-induced proton
leak by PN observed in mitochondria of various organisms
(Jarmuszkiewicz et al., 1999, 2002b) does not necessarily
mean that there is no UCP activity (as already mentioned
by Jekabsons and Horwitz, 2001). This insensitivity to PN
could be simply due to the high reduction level of endoge-
nous CoQ in those mitochondria. In contrast, the UCP2
and UCP3 activities induced through superoxide produc-
tion (Echtay et al., 2002; Echtay and Brand, 2001) are
sensitive to PN at high CoQ reduction level. Surprisingly,
FFA are not required for UCP3 activation when superox-
ide is produced endogenously in the mitochondrial matrix
(Talbot et al., 2004). A working hypothesis can be pro-
posed that in situ muscle UCPs may have two kinds of ac-
tive forms that are differently regulated: the FFA-activated
form (observed in the present study) and the superoxide-
activated form. On the contrary, UCP1 in situ is sensitive
to PN either activated by FFA or by superoxide (Echtay
et al., 2002).

To conclude, our results suggest that CoQ redox state
could be the possible “unknown factor” (Žácková et al.,
2003) working as a metabolic sensor able to modulate
the inhibition of UCPs by PN in muscle mitochondria
and that reduced CoQ could decrease the affinity of FFA-
activated UCP binding site for PN. What could be the
physiological usefulness of such a sophisticated new di-
mension in the regulation of UCP? We may hypothesize

that the UCP-sustained proton leak is inhibited by PN only
when the oxidizable substrate availability is low and the
ATP demand is high, in order to preserve ATP synthesis
efficiency. On the contrary, at no limitation in the substrate
supply or at the low ATP demand, the inhibition by PN
cannot occur because of the high reduced state of CoQ
and, as a consequence of UCP activity, is accompanied by
a decrease in superoxide anion production and a nonobli-
gatory nonshivering thermogenesis due to respiratory rate
increase.
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