
About 40% of oxygen consumption by mitochondria

in liver cells is not associated with synthesis of ATP [1, 2].

This respiration, also called free oxidation [3, 4], is sug�

gested to be physiologically important [2�6].

Free oxidation in mitochondria can be due to various

processes in the inner membrane, in particular, to the

cyclic transport of potassium ions which is provided by

electrophoretic entrance of K+ into the matrix and its

subsequent exit by means of K+/H+�exchange [4, 7], and

to uncoupling proteins UCP�2 and UCP�3, which are

analogs of UCP�1 [6, 8]. However, the effect of free fatty

acids, the level of which in animal and human cells

increases in various physiological and pathological states,

is thought to be most important [3�5, 9, 10].

Mechanisms of the uncoupling effect of fatty acids

in mitochondria are now intensively studied, and certain

progress has been achieved (reviews [4, 5, 11�13]). The

protonophore uncoupling effect of fatty acids in liver

mitochondria is found to occur with involvement of the

ADP/ATP�antiporter [14], aspartate/glutamate anti�

porter [15], and the dicarboxylate carrier [16]. The first

two carriers mainly contribute to the uncoupling: they

are responsible for about 80% of the uncoupling effect of

fatty acids [17, 18]. In a reconstituted system with the

phosphate carrier from yeast mitochondria incorporated

into liposomes this protein was recently shown to accel�

erate the transmembrane cyclic transport of protons by

fatty acids as well as in the system with the uncoupling

protein UCP�1 of mitochondria from brown fat tissue

[19, 20]. Fatty acids also inhibit the electroneutral cap�

ture of phosphate by liver and heart mitochondria [20].
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Abstract—The respiration rate of liver mitochondria in the course of succinate oxidation depends on temperature in the pres�

ence of palmitate more strongly than in its absence (in state 4). In the Arrhenius plot, the temperature dependence of the

palmitate�induced stimulation of respiration has a bend at 22°C which is characterized by transition of the activation energy

from 120 to 60 kJ/mol. However, a similar dependence of respiration in state 4 is linear over the whole temperature range and

corresponds to the activation energy of 17 kJ/mol. Phosphate partially inhibits the uncoupling effect of palmitate. This effect

of phosphate is increased on decrease in temperature. In the presence of phosphate the temperature dependence in the

Arrhenius plot also has a bend at 22°C, and the activation energy increases from 128 to 208 kJ/mol in the range from 13 to

22°C and from 56 to 67 kJ/mol in the range from 22 to 37°C. Mersalyl (10 nmol/mg protein), an inhibitor of the phosphate

carrier, similarly to phosphate, suppresses the uncoupling effect of laurate, and the effects of mersalyl and phosphate are not

additive. The recoupling effects of phosphate and mersalyl seem to show involvement of the phosphate carrier in the uncou�

pling effect of fatty acids in liver mitochondria. Possible mechanisms of involvement of the phosphate carrier in the uncou�

pling effect of fatty acids are discussed.
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Probably, the phosphate carrier is also involved in the

uncoupling effect of fatty acids in liver mitochondria. In

this case phosphate, a substrate of this carrier, is also

expected to have a recoupling effect similarly to sub�

strates of other anion carriers involved in the uncoupling

[14�16].

According to a hypothesis of V. P. Skulachev [21]

which underlies current concepts on the mechanism of

the uncoupling effect of fatty acids, the transfer of fatty

acid anions from the internal membrane layer to the

external one is a function of the UCP�1 and ADP/ATP�

antiporter, and undissociated acids are subsequently

transferred across the bilayer by the flip�flop mechanism

without involvement of proteins. This hypothesis was fur�

ther developed and experimentally confirmed by works

on a reconstructed system with the UCP�1 incorporated

into liposomes [22]. This hypothesis is varied to explain

the uncoupling effect of fatty acids with involvement of

the ADP/ATP� and aspartate/glutamate antiporters [4, 5,

11�13, 18]. Fatty acid anions pass very slowly from the

internal membrane monolayer onto the external one

because of a very high energy barrier [22, 23]. Positively

charged groups of membrane proteins or lipophilic

anions can promote the overcoming of this barrier [22,

23]. The activation energy of the transport of fatty acid

anions can be determined from the temperature depend�

ence of the uncoupling effect of fatty acids, because just

the transport of fatty acid anions limits this process [4, 5,

11, 12, 21, 22].

To elucidate mechanisms and pathways of regulation

of free oxidation in mitochondria, in the present work the

temperature dependence of respiration in the case of par�

tial uncoupling by fatty acids was studied, as well as the

influence of phosphate on this dependence. The finding

of a significant recoupling effect of phosphate and also of

mersalyl, which inhibits the phosphate transport at a rel�

atively low temperature, suggests that the phosphate car�

rier is involved in the uncoupling effect of fatty acids in

liver mitochondria.

MATERIALS AND METHODS

Mitochondria were isolated from livers of 180�200 g

white rats by differential centrifugation. To remove

endogenous fatty acids, the mitochondria were preincu�

bated with BSA made fatty acid�free as described in [24].

The isolation medium contained 250 mM sucrose, 2 mM

EGTA, and 5 mM Mops�Tris (pH 7.4). The suspension of

mitochondria (60�70 mg protein per 1 ml) was stored on

ice. Protein content was determined by the biuret method

with BSA as the standard.

Respiration of mitochondria was recorded with a

Clark type oxygen electrode or with an open platinum

electrode in a thermostatted cell. The incubation medium

contained 250 mM sucrose, 5 mM potassium succinate,

10 mM KCl, 0.5 mM EGTA, 2 mM MgCl2, and 5 mM

Mops�Tris (pH 7.4). To study the effect of phosphate, the

incubation medium was additionally supplemented with

5 mM KH2PO4 (pH 7.4). Immediately on addition of

mitochondria (1 mg/ml), oligomycin (2 µg/ml) and 2 µM

rotenone were added into the cell. Preparations of mito�

chondria were used only with the respiratory control quo�

tient of no less than 7 that was measured as the stimula�

tion degree of respiration by 50 µM DNP at 25°C.

The uncoupling effect of fatty acids was determined

by the stimulation value of mitochondrial respiration

(Ju – Jo) or by the stimulation degree of respiration (by

the formula (Ju – Jo)/Jo, where Jo and Ju are the rates of

mitochondrial respiration before and after the addition of

a fatty acid, respectively.

The recoupling effect of phosphate was calculated by

the formula (Ju – Jup)/(Ju – Jo), where Jup is the respira�

tion rate in the presence of phosphate and fatty acid.

The energy activation (Ea) was determined by the

plot based on the integral form of the Arrhenius equation

[25].

Mops, Tris, ADP, palmitic and lauric acids,

oligomycin, mersalyl, potassium succinate, and BSA

purified of fatty acids were from Sigma (USA); rotenone

and EGTA were from Serva (Germany); KCl, KH2PO4,

and MgCl2 were from Merck (Germany).

Sucrose was recrystallized by precipitation with

ethanol from aqueous solution. Solutions of palmitic and

lauric acids in ethanol (10 and 20 mM) were used.

RESULTS

The temperature dependence of mitochondrial res�

piration was studied in the presence of EGTA, magne�

sium ions, and oligomycin in the incubation medium. By

binding calcium ions, EGTA prevents the induction by

fatty acids of Ca2+�dependent nonspecific permeability

of mitochondria [26, 27], whereas magnesium ions sup�

press the ionophore effect of fatty acids [28]. The pres�

ence of oligomycin is necessary to inhibit cycles of ADP

hydrolysis�resynthesis, one of which is known to be

induced by fatty acids [29]. We have earlier shown [18]

that in the presence of EGTA, magnesium ions, and

oligomycin the mitochondrial respiration is stimulated

by fatty acids only due to their protonophore effect,

mainly with involvement of the ADP/ATP� and aspar�

tate/glutamate antiporters. It should be noted that the

mitochondria contained no fatty acids, because their res�

piration in state 4 was not changed on addition into the

incubation medium of BSA free of fatty acids (data not

presented).

As the temperature was increased, the respiration

rate increased in state 4 and also in the presence of

palmitate (Fig. 1). However, with increase in tempera�

ture from 13 to 37°C the respiration rate in state 4
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increased only 1.7�fold, whereas in the presence of

40 µM palmitate it increased 6.6�fold. A subsequent

addition of DNP at every temperature resulted in an

additional 2�3�fold stimulation of respiration (data not

presented). Thus, palmitate at the concentration of

40 µM had only a partial uncoupling effect on mito�

chondria, i.e., the transport of a form of palmitate limit�

ed the process. Note that at every temperature the

dependence of the respiration rate on the palmitate con�

centration was close to linear. And the close to linear

dependence of the respiration rate of mitochondria on

the protonophore concentration suggests that the stage

of proton reentry into the matrix should mainly con�

tribute to the control of respiration [30, 31].

The stimulation value of respiration is proposed as a

parameter of the specific uncoupling effect of palmitate.

This value is determined as the difference between the

rate of mitochondria respiration before and after the

addition of this fatty acid. This is reasoned by the finding

that at the fatty acid concentrations used the respiration

rate in state 4 is a component of the respiration rate in the

presence of palmitate. According to our calculations

(based on data of [32�36]), a little decrease in ∆Ψ along

with a 2�3�fold activation of respiration by palmitate

decreased this component only by 5�10%.

In the Arrhenius plot the temperature dependence of

the palmitate�induced stimulation of mitochondrial res�

piration displays two linear regions with a bend at 22°C

(Fig. 2). By contrast, the temperature dependence of

mitochondrial respiration in state 4 has no bend in the

Arrhenius plot (Fig. 3). When the respiration rate is used

as a parameter of the uncoupling effect of palmitate with�

out correction to state 4 at the palmitate concentrations

of 10 and 20 µM, the temperature dependence in the

Arrhenius plot is a straight line and the curve has no bend

(data not presented). Only at palmitate concentrations of

30 and 40 µM do two linear regions appear in this plot

with a bend at 22°C (data not presented). The tempera�

ture dependences of the respiration stimulation with

5 µM DNP (the respiration increased 2.6�fold) and at the

complete uncoupling with DNP in the Arrhenius plot are

characterized by two linear regions with a bend at 22°C

(data not presented).

Values of Ea for different states of mitochondria are

presented in Table 1. The table shows that the mitochon�

drial respiration in state 4 is characterized by a low value

of Ea, while the uncoupling effect of palmitate is charac�

Fig. 1. Stimulation of mitochondrial respiration by palmitate at

13, 17, 21, 25, 31, and 37°C. The experiment conditions are

described in “Materials and Methods”.
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terized by the some times greater value of Ea. This value

does not depend on the concentration of palmitate if the

uncoupling effect has been determined by the stimulation

value of respiration (Table 1). Note that the temperature

dependence of the uncoupling effect of DNP is charac�

terized by similar values of Ea, and lower values of Ea for

the mitochondrial respiration were found on complete

uncoupling by DNP (Table 1).

At 25°C phosphate suppressed slightly the uncou�

pling effect of palmitate (Fig. 4a), but its effect was sig�

nificantly increased on decrease in temperature to

13°C (Fig. 4b). An increase in the palmitate concentra�

tion at every temperature decreased the recoupling

effect of phosphate (Fig. 5). In the Arrhenius plot, the

temperature dependence of the palmitate�induced

stimulation of respiration in the presence of 5 mM

phosphate presents two linear regions with a bend at

22°C (Fig. 6), similarly to the case of phosphate

absence. However, the inclination of this dependence

in the presence of phosphate is significantly greater

than in its absence (Fig. 6). In the temperature range

from 13 to 22°C the Ea value under the influence of

phosphate increases from 128 to 208 kJ/mol, and in the

range from 22 to 37°C it increases from 56 to 67 kJ/

mol. These findings show that phosphate significantly

increases the temperature dependence of the uncou�

pling effect of palmitate. Note, that at every tempera�

ture phosphate failed to significantly influence both

the mitochondrial respiration in state 4 and the maxi�

mal mitochondrial respiration on complete uncoupling

by DNP (data not presented).

At the standard temperature of 25°C, the uncoupling

effect of fatty acids was about 80% suppressed on the

combined addition of carboxyatractylate and glutamate

(or aspartate), and this suggested that both the

ADP/ATP� and aspartate/glutamate antiporters should

contribute to this process [15, 17, 18]. It was shown above

that the recoupling effect of phosphate at this tempera�

ture was insignificant. It was interesting to find out how

the contribution of these antiporters to the uncoupling

effect of palmitate would change with decrease in tem�

perature when the recoupling effect of phosphate was

stronger. Table 2 shows that at 19°C phosphate suppressed

Fig. 3. Arrhenius plot of the temperature dependence of mito�

chondrial respiration (in nmol O2/min per mg protein) in state

4.
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111 ± 12

58 ± 5

Tm, °C

none

22 ± 1

22 ± 0

22 ± 1

22 ± 2

21 ± 2

22 ± 1

DNP, µM

—

—

—

—

—

5

50

Ea, kJ/mol



622 SAMARTSEV et al.

BIOCHEMISTRY  (Moscow)  Vol.  68  No. 6   2003

Fig. 4. Influences of phosphate on the uncoupling effect of palmitate at 25°C (a) and 13°C (b).
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by 36% the uncoupling effect of palmitate in the absence

of carboxyatractylate and glutamate but had no influence

in the concurrent presence of these two recoupling

agents. In their turn, carboxyatractylate and glutamate in

the presence of phosphate suppressed less the uncoupling

effect of palmitate.

As mentioned above, the phosphate carrier can be

involved in the uncoupling effect of fatty acids in yeast

mitochondria. The recoupling effect of phosphate found

by us suggested that the phosphate carrier should be

involved in the uncoupling effect of fatty acids also in

liver mitochondria. And in this case inhibitors of the

phosphate carrier are also likely to have a recoupling

effect. Mersalyl, in particular, is an inhibitor of the

phosphate carrier and completely inhibits this carrier in

liver mitochondria at the concentration of 10 nmol/mg

protein [37, 38]. At a higher concentration (30 nmol/mg

protein) mersalyl also inhibits the dicarboxylate carrier

[39]. The inhibition of the phosphate carrier by mersalyl

is accompanied by decrease in the rate of mitochondrial

respiration in state 3 to the level of state 4 [37], whereas

the inhibition of the dicarboxylate carrier suppressed the

respiration in the course of succinate oxidation in any

state of mitochondria [30]. We found earlier that mer�

salyl at the concentration of 10 nmol/mg protein sup�

pressed the respiration in state 3 nearly to the state 4

level but very insignificantly inhibited the mitochondri�

al respiration in the course of succinate oxidation in the

presence of 50 µM DNP (data not presented).

Consequently, at this concentration mersalyl complete�

ly inhibited the phosphate carrier but slightly affected

the dicarboxylate carrier. Mersalyl and phosphate simi�

larly suppressed the laurate�induced stimulation of

mitochondrial respiration, but their effects were not

additive (Table 3). Unlike palmitate, the aspartate/glu�

tamate antiporter was earlier shown to mainly con�

tribute to the uncoupling effect of laurate [18].

Aspartate, a substrate of this carrier, effectively inhibited

the uncoupling effect of fatty acids [15]. The recoupling

effect of aspartate was markedly decreased under the

influence of phosphate or mersalyl: in the absence of

phosphate and mersalyl, aspartate inhibited by 47% the

laurate�induced stimulation of respiration, in the pres�

ence of mersalyl the inhibition was 28%, and in the

presence of phosphate the inhibition was 31% (Table 3).

In their turns, phosphate and mersalyl significantly less

suppressed the uncoupling effect of laurate in the pres�

ence of aspartate (Table 3).

DISCUSSION

The uncoupling effect of palmitate is shown to

strongly depend on temperature, and this dependence

has a distinct bend at 22°C in the Arrhenius plot (Fig. 2

and Table 1). It is unlikely that in the absence of fatty

acids (in state 4) the rate of mitochondrial respiration

depends on temperature significantly less, and in the

Arrhenius plot this dependence is linear in the range

from 13 to 37°C. In the latter case, the Ea value was only

17 kJ/mol, which is significantly less than the similar

value for metabolite carriers and is specific for channels

and free diffusion [40, 41]. As mentioned above, the res�

Additions

—

Catr (1 µM)

Catr (1 µM) + Glu (2 mM)

without
phosphate

12.1 ± 0.5

6.6 ± 0.4

2.2 ± 0.2

+ phosphate,
5 mM

7.7 ± 0.4

4.8 ± 0.3

2.1 ± 0.2

Table 2. Effect of phosphate on the stimulation of mito�

chondrial respiration by 20 µM palmitate in the absence

and in the presence of carboxyatractylate (Catr) and glu�

tamate (Glu) at 19°C. Mean values ± error of the mean

are presented (n = 4)

Stimulation of respiration, nmol
O2/min per mg protein

Additions

—

Asp, 0.8 mM

Asp, 3.2 mM

Table 3. Effect of mersalyl (10 nmol/mg protein) and phosphate (5 mM) on the stimulation of respiration of liver mito�

chondria by 30 µM laurate in the absence and in the presence of aspartate (Asp) at 19°C. Mean values ± error of the

mean are presented (n = 4)

phosphate + mersalyl

9.1 ± 0.4

8.0 ± 0.3

6.3 ± 0.3

mersalyl

8.9 ± 0.3

7.6 ± 0.2

6.4 ± 0.2

phosphate

9.0 ± 0.5

7.8 ± 0.3

6.2 ± 0.2

without phosphate and mersalyl

13.6 ± 0.8

9.2 ± 0.7

7.2 ± 0.7

Stimulation of respiration, nmol O2/min per mg protein
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piration of mitochondria in state 4 was caused by reentry

of protons into the matrix [30, 31]. Based on our find�

ings, it was suggested that this process should be realized

by diffusion of protons through some channels of the

inner mitochondrial membrane.

Because anion carriers of the inner mitochondrial

membrane are involved in the uncoupling effect of fatty

acids [4, 5, 11�15], it was reasonable to expect that the

temperature dependence of the uncoupling effect of

fatty acids should resemble the temperature dependence

of activity of the carriers. In fact, at temperatures high�

er than 22°C the Ea values of the carriers were very close

to the Ea value observed for the uncoupling effect of

palmitate (Table 1, [40�43]). However, unlike our find�

ings, the temperature dependence of activity of the

ADP/ATP�antiporter of liver mitochondria had a bend

at 13.5°C [43] in the Arrhenius plot and the temperature

dependence of activity of the aspartate/glutamate

antiporter of liver mitochondria had no bend in the

range from 1 to 35°C [42]. The bend in the Arrhenius

plot near 20�22°C is specific for the temperature

dependence of mobility of hydrophobic molecules

incorporated in phospholipids of mitochondria, the

spin�labeled and fluorescent probes, and, thus, for the

temperature dependence of the mitochondrial phospho�

lipid bilayer and also for the temperature dependence of

mitochondrial cytochrome c reductase [44, 45]. The

bend point is suggested to characterize a jump�like

change in the fluidity of the mitochondrial membrane

that can be due to the phase transition of lipids [44, 45].

The bend point at about 20°C in the Arrhenius plot was

shown for the temperature dependence of mitochondri�

al respiration in state 3 and in the presence of various

uncouplers [46]. However, in the case of maximal mito�

chondrial respiration, unlike the respiration in state 4

and with partial uncoupling, the bend point in the tem�

perature curve may be determined by the change of the

limiting stage of respiration [46].

Thus, the change in the fluidity of mitochondrial

membrane induces functional changes in cytochrome c

reductase [45], and, according to our data, correlates with

changes in the uncoupling effect of palmitate but to a

lesser degree causes functional changes in the substrate

carriers [42, 43]. This seems to be due to different mech�

anisms of the catalytic action of the electron transport

enzymes and substrate carriers. The electron transport is

characterized by diffusion of a mobile carrier of coen�

zyme Q in the membrane [3]. Substrate carriers have spe�

cific features in structure and functions: six hydrophobic

transmembrane α�helices surrounding hydrophilic struc�

tures involved in the transfer of hydrophilic substrates [47,

48]. Hydrophobic structures of the carriers are not very

mobile, and only internal hydrophilic structures failing to

interact with membrane lipids significantly change their

conformations during the transport of a hydrophilic sub�

strate [47, 48].

As has been said, the uncoupling was limited by the

transport of fatty acid anions from the internal mem�

brane monolayer onto the external one [4, 5, 11, 12, 21,

22]. Most likely, this transport occurred over the external

surface of protein in the protein–lipid interphase, and a

negatively charged carboxy group of fatty acid interacted

with a low affinity site, whereas a hydrophobic acylic tail

was located inside the phospholipid bilayer [12, 18]. With

this in mind, it was suggested that the transport of fatty

acid anions by carriers involved in the uncoupling, unlike

the transport of their hydrophilic substrates, should sig�

nificantly depend on the state of membrane lipids. This

hypothesis is supported by our findings that the temper�

ature dependence of stimulation of the respiration with

partial uncoupling by DNP has the same characteristics

as at the partial uncoupling by palmitate. Unlike the

uncoupling effect of fatty acids, this effect of DNP sig�

nificantly less depends on ADP/ATP� and aspartate/glu�

tamate antiporters [15, 18]. The charge of the DNP

anion is delocalized; therefore, unlike anions of fatty

acids, DNP anions can move across the phospholipid

bilayer without the involvement of proteins [49].

Therefore, the mobility of DNP anions will significantly

depend on the membrane fluidity. In this case, equal Ea

values seem to indicate that on translocation from the

internal membrane monolayer onto the external one,

anions of DNP and fatty acids overcome energy barriers

of similar height.

In this work it is shown that at the temperature lower

than the standard temperature of 25°C phosphate signifi�

cantly suppressed the uncoupling effect of fatty acids. A

nonspecific inhibitor of the phosphate carrier, mersalyl,

suppressed the uncoupling effect of fatty acids similarly to

phosphate and non�additively with it. These findings sug�

gest the involvement of the phosphate carrier in the

uncoupling effect of fatty acids in liver mitochondria.

This hypothesis is consistent with the known data that

fatty acids can interact with the phosphate carrier and

inhibit the electroneutral transport of phosphate in liver

mitochondria [20] and also with the report that the phos�

phate carrier from yeast mitochondria incorporated into

liposomes can accelerate the transmembrane cyclic trans�

port of protons by fatty acids [19, 20]. Note that phos�

phate can be transported across the mitochondrial mem�

brane also by the dicarboxylate carrier [39, 40], and mer�

salyl at the higher concentration than used by us inhibits

this carrier [39]. However, the involvement of the dicar�

boxylate carrier in the uncoupling in the presence of high

concentration of succinate is unlikely, because this carri�

er is known to be involved in the uncoupling effect of fatty

acids only in the absence of succinate [16].

At first glance, the hypothesis on the involvement

of the phosphate carrier in the uncoupling effect of fatty

acids contradicts the observation of the recoupling

effects of phosphate and mersalyl only in the absence of

carboxyatractylate and glutamate (or aspartate). In fact,



TEMPERATURE DEPENDENCE OF RAT LIVER MITOCHONDRIAL RESPIRATION 625

BIOCHEMISTRY  (Moscow)  Vol.  68  No. 6    2003

if with uncoupling by fatty acids the phosphate carrier is

considered only as an additional pathway of the proton

reentry into the matrix independently of two other

pathways which involve the ADP/ATP� and aspar�

tate/glutamate antiporters, the effects of phosphate and

mersalyl are to be additive with respect to the effects of

carboxyatractylate and glutamate (or aspartate). The

findings would be considered as supporting the influ�

ence of phosphate and mersalyl on the ADP/ATP� and

aspartate/glutamate antiporters. However, this contra�

dicts the inability of phosphate to interact with these

carriers. Mersalyl interacts with SH�groups of the

ADP/ATP�antiporter [50] and the aspartate/glutamate

antiporter [41], but at concentration an order higher

than the concentration used by us. Moreover, in exper�

iments with the ADP/ATP�antiporter incorporated

into proteoliposomes the interaction of mersalyl with

the SH�group of this carrier is shown not to weaken but,

on the contrary, to increase the protonophore activity of

fatty acids [50].

This contradiction can be escaped on the assumption

that the phosphate carrier is involved in the uncoupling

only in a complex with either the ADP/ATP�antiporter or

the aspartate/glutamate antiporter. The phosphate carrier

plays in these uncoupling complexes only a subsidiary

role. This carrier located near one of these antiporters

ensures additional sites for fatty acid anions in a

hydrophobic region of the membrane. The displacement

of these anions from the external to the internal layer of

the membrane is similar to passing on the baton from the

sites of one carrier to the sites of the other. This decreas�

es the energy barrier for fatty acid anions at their trans�

membrane transfer. Phosphate or mersalyl anions elimi�

nate these additional binding sites by neutralization of

positive charges of the carrier. As a result, the height of

the energy barrier is increased again.
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