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Abstract: Fatty acids are the main respiratory substrates important for cardiac function, and their
oxidation is altered during various chronic disorders. We investigated the mechanism of fatty
acid–oxidation-induced changes and their relations with mitochondrial morphology and ADP/ATP
carrier conformation on the kinetics of the regulation of mitochondrial respiration in rat skinned
cardiac fibers. Saturated and unsaturated, activated and not activated, long and medium chain,
fatty acids similarly decreased the apparent Km

ADP. Addition of 5% dextran T-70 to mimic the oncotic
pressure of the cellular cytoplasm markedly increased the low apparent Km

ADP value of mitochondria
in cardiac fibers respiring on palmitoyl-l-carnitine or octanoyl-l-carnitine, but did not affect the
high apparent Km

ADP of mitochondria respiring on pyruvate and malate. Electron microscopy
revealed that palmitoyl-l-carnitine oxidation-induced changes in the mitochondrial ultrastructure
(preventable by dextran) are similar to those induced by carboxyatractyloside. Our data suggest that
a fatty acid oxidation-induced conformational change of the adenosine diphosphate (ADP)/adenosine
triphosphate (ATP) carrier (M-state to C-state, condensed to orthodox mitochondria) may affect the
oxidative phosphorylation affinity for ADP.

Keywords: ADP/ATP carrier; Km
ADP; mitochondria; fatty acid oxidation; dextran; morphology

1. Introduction

The major part of energy supply in cells comes from the fatty acid oxidation in mitochondria.
Fatty acids as the main respiratory substrates are important, not only for cardiac function [1,2], but also
they recently have been shown to provide energy for the proliferation and survival of tumors [3].
An increased fatty acid consumption reduces cardiac efficiency, and among the mechanisms involved,
a modulation of the ADP/ATP carrier has been suggested [4–6].

The studies of saponin-permeabilized heart and skeletal muscle fibers demonstrated that,
in contrast to isolated mitochondria, the mitochondrial outer membrane in situ possesses a low
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permeability for exogenous ADP (high apparent Km
ADP of oxidative phosphorylation for external

ADP), and therefore, is crucial in the mechanism of regulation of mitochondrial respiration in vivo [7,8].
Km

ADP is drastically (up to 10-fold) decreased in the case of the oxidation of saturated fatty acids (CoA-
or carnitine-esters of palmitate and octanoate; alone or in combination with pyruvate), but not during
the transport of fatty acids into mitochondria [9]; however, the mechanism of this phenomenon has not
been elucidated yet.

Mitochondria and intracellular ATPases in cardiomyocytes are in close proximity, and are arranged
into tightly coupled structural and functional complexes known as intracellular, energetic units [8,10,11].
Strict interpositions of mitochondrion optimizes the energy fluxes and interactions of mitochondria
with surrounding organelles; however, at high workload the direct ATP transfer does not fulfil the
energy need in heart cells [12,13]. In these conditions, the creatine kinase–phosphocreatine system is
useful: creatine (the substrate of mitochondrial creatine kinase) significantly stimulates the production
of ADP (when the concentration of ADP is suboptimal, i.e., about 50–10 µM) by mitochondrial creatine
kinase functionally coupled with the ADP/ATP carrier. This significantly enhances the respiration of
heart mitochondria and ATP production. The stimulating effect of creatine on respiration decreases
when the permeability of the mitochondrial outer membrane for ADP increases (the apparent Km

ADP

decreases) due to the treatment of cardiac cells with proteolytic enzymes (trypsin or collagenase) [14,15],
after the isolation of mitochondria [16,17], or due to some clustering of mitochondria possessing
an intact mitochondrial outer membrane and the alteration of their position within the cells of the
non-ischemic zone of the low-flow-perfused rat heart [18].

Fatty acids have been demonstrated to change the conformation of uncoupling protein [19].
Furthermore, other studies revealed structural, and to some extent functional, homology between
the uncoupling protein and the ADP/ATP carrier [20,21]. There is also an indirect evidence that low
apparent Km

ADP in mitochondria from cancerous cells [22,23] and fetal or neonatal mitochondria [24]
could be related to mitochondrial ultrastructural changes, namely increased, diffuse the mitochondrial
matrix volume corresponding to orthodox mitochondrial conformation [25,26].

Mitochondria are significantly more abundant in hearts compared to skeletal muscle, brain, kidney
and liver [27]. Furthermore, cardiac mitochondria primarily use fatty acids as respiratory substrates,
whereas most other organs use glucose as the major energy substrate [28], and therefore, we have
chosen skinned cardiac fibers as the experimental object in our study. We investigated the mechanism
of fatty acid–oxidation-induced changes and their relations with mitochondrial morphology and
ADP/ATP carrier conformation on the kinetics of the regulation of mitochondrial respiration (the
apparent Km

ADP) in situ; i.e., in the mitochondria of saponin-permeabilized rat heart muscle fibers,
where mitochondria and the ATPases in myofibrils and in the sarcoplasmic reticulum remain intact,
corresponding to the physiological conditions in the cell [8,10].

2. Materials and Methods

All chemicals used in this work were from Sigma-Aldrich (St. Louis, MO, USA).
The male Wistar rats ~3 months old and weighing 250–300 g were obtained from the Vivarium

of the Lithuanian University of Health Sciences, where they were housed at 23 ± 2 ◦C with a 12-h
light/dark cycle and free access to food and water. The experimental procedures used in the present
study were performed according to the permission of the Lithuanian Committee of Good Laboratory
Animal Use Practice (number 0228/2012). Rats were killed by cervical dislocation. Rat hearts were
excised and rinsed in ice-cold 0.9% KCl solution. The bundles of cardiac fibers, approximately
0.3–0.4 mm in diameter, were prepared by using sharp-ended needles from the muscle strips cut out
from the left ventricular endocardium in an ice-cold preparation solution containing 20 mM imidazole,
20 mM taurine, 0.5 mM dithiothreitol, 7.1 mM MgCl2, 50 mM 2-(NMorpholino)ethanesulfonic acid
(MES), 5 mM adenosine triphosphate (ATP), 15 mM phosphocreatine, 2.62 mM CaK2EGTA and
7.38 mM K2EGTA (ionic strength of the solution 160 mM, free Ca2+ 0.1 µM, free Mg2+ 3 mM; pH
7.0, adjusted with KOH), then permeabilized by saponin (50 µg/mL, 30 min), washed for 10 min
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in a physiological salt solution containing 20 mM imidazole, 20 mM taurine, 0.5 mM dithiothreitol,
1.61 mM MgCl2, 100 mM MES, 3 mM KH2PO4, 2.95 mM CaK2EGTA and 7.05 mM K2EGTA (ionic
strength of the solution 160 mM, free Ca2+ 0.1 µM, free Mg2+ 1 mM; pH 7.1, adjusted with KOH) [29].
All procedures were carried out under intensive shaking (120 times/min). The washed bundles of
fibers were rinsed once in the physiological salt solution, transferred into the tubes with the same
solution and then kept on ice.

Respiration rates of skinned cardiac fibers were determined in the closed respiration chamber
in physiological salt solution at 37 ◦C or 25 ◦C by the means of the Clark-type oxygen
electrode. Pyruvate + malate (6 mM + 6 mM), glutamate 6 mM + malate (6 mM + 6 mM),
palmitoyl-l-carnitine+malate (9 µM + 0.24 mM), oleoyl-CoA + l-carnitine + malate (6 µM + 2.5 mM +

0.24 mM) or decanoic acid + pyruvate + malate (0.3 mM + 6 mM + 6 mM) were used as respiratory
substrates as indicated in the Results section or in the Figure legends. Respiration rates were expressed
as nmol O/min/mg fibers’ dry weight. Dry weight = wet weight before respiration measurement/factor
‘W’. The factor ‘W’ was calculated to be 4.85 for heart muscle fibers [14]. The solubility of oxygen was
taken to be 422 nmol O/mL at 37 ◦C and 452 nmol O/mL at 25 ◦C [30]. The adenosine diphosphate
(ADP) regenerative system, consisting of 1.2 IU/mL lyophilized yeast hexokinase (Type V; EC 2.7.1.1)
and 24 mM glucose, was added to the chamber before the addition of heart muscle fibers. Titration
was made by different ADP concentrations in each separate probe. ∆V was expressed as a difference
between respiration rates in the presence and in the absence of added ADP. The apparent Km

ADP

and Vmax were estimated from the least-squares fit to the Michaelis–Menten equation (∆V vs. ADP
concentration).

Mitochondria were isolated by a differential centrifugation procedure. Hearts were excised and
rinsed in ice-cold isolation medium, containing 160 mM KCl, 10 mM NaCl, 20 mM Tris, 5 mM EGTA
(pH 7.7, adjusted with KOH at 2 ◦C). Mitochondria were isolated in the same medium supplemented
with 2 mg/mL bovine serum albumin (BSA). Homogenate was centrifugated for 5 min at 750× g,
then the supernatant was centrifugated for 10 min at 6740× g and the pellet was washed once in
the medium containing 180 mM KCl, 20 mM Tris, 3 mM EGTA (pH 7.3 adjusted with KOH at 2 ◦C),
suspended in it and kept on ice. The mitochondrial protein concentration was determined by the
biuret method (Piotrowski’s test) [31]. The final mitochondrial protein concentration was 0.5 mg/mL.
Mitochondrial swelling was recorded as the decrease of light scattering at 540 nm with the Heλios α
spectrophotometer in physiological salt solution supplemented with 24 mM glucose and 1.2 IU/mL
hexokinase, 0.24 mM malate and palmitoyl-l-carnitine (9–80 µM).

An exogenous ADP-trapping system consisting of pyruvate kinase + phosphoenolpyruvate
(PK + PEP), which effectively competes with mitochondria for the extramitochondrial ADP,
and therefore, decreases the respiration rate in the State 3, was used to investigate the interactions of
the functional complexes of mitochondria with Ca, the MgATPases of myofibrils and the sarcoplasmic
reticulum under the different conditions (25 ◦C and 37 ◦C; mitochondria oxidizing different substrates:
glutamate 6 mM + malate 6 mM or palmitoyl-l-carnitine 9 µM + malate 0.24 mM). The sequence of
additions to the respiration chamber: 8 mM PEP, ~3 mg of cardiac fibers, 2 mM ATP, 20 + 20 U/mL
(or 40 U/mL) PK, 20 mM creatine, 35 µM cytochrome c, 125 µM atractyloside. After each addition,
the respiration rate was estimated. The cytochrome c test was used to evaluate the intactness of the
mitochondrial outer membrane.

The coupling of mitochondrial creatine kinase (mi-CK) and the ADP/ATP carrier was estimated
using two approaches. (1) The apparent Km

ADP and Vmax values were estimated from ∆V vs. ADP
concentration relationships in the presence or in the absence of 20 mM creatine; the results were
compared with corresponding kinetic parameters without creatine; (2) 60 µM ADP was added into the
respiration chamber followed by the addition of 20 mM of creatine. The stimulation of respiration by
creatine, i.e., the creatine effect, was expressed as the ratio of the respiration rates with creatine and
with 60 µM of ADP without creatine.
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For the electron microscopy studies, the saponin-permeabilized rat cardiac fibers were incubated
aerobically in the physiological salt solution containing pyruvate and malate, 6 mM both (without,
as control, or with carboxyatractyloside 1.3 µM or bongkrekic acid 17.6 µM), or palmitoyl-l-carnitine
9 µM, or palmitoyl-l-carnitine 9 µM plus 5% dextran T-70, for 5 min at 37 ◦C under intensive stirring.
Subsequently, the fibers were placed into 2.5% glutaraldehyde solution in 0.1 M cacodylate buffer
(pH 7.4) and kept in it for 5 min at room temperature under gentle shaking. Afterwards, the fibers were
left in the same fixative overnight at 4 ◦C. Later on, the fibers were washed several times in cacodylate
buffer and post-fixed for 1 h at 4 ◦C with 1% osmium tetraoxide solution in the same buffer. After that,
they were dehydrated through a graded ethanol series and embedded in a mixture of resins Epon 812
and Araldite. Ultrathin sections were cut with a with ultra-microtome, stained with uranyl acetate
and lead citrate, and examined with a PHILIPS EM300 electron microscope, using AGFA electron
image films.

The results are presented as means ± S.E. The data were analyzed with one-way analysis of
variance (ANOVA) by Prism v. 5.04 (GraphPad Software Inc., La Jolla, CA, USA). Then p <0.05 was
taken as the level of significance.

3. Results

3.1. Role of Oxidation of Fatty Acids in Regulation of Oxidative Phosphorylation and Mitochondrial Swelling

Oxidation of fatty acids, the major myocardial respiratory substrates (palmitoyl-l-carnitine,
palmitoyl-CoA + l-carnitine and octanoyl-l-carnitine) caused the drastic decrease of the apparent
Km

ADP specific for pyruvate+malate oxidation [9], but the mechanisms of this effect have not been
elucidated yet. In this study, we investigated which factors are responsible for the low apparent Km

ADP

observed during fatty acid oxidation. Firstly, we evaluated if the fatty acid related decrease of the
apparent Km

ADP depend on the different fatty acid chain length and degree of saturation. The principal
scheme of fatty acid and pyruvate and malate oxidation in mitochondria is presented in Figure 1.
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Figure 1. The principal scheme of the fatty acid and pyruvate and malate oxidation in
mitochondria. LCFA—long chain fatty acids, MCFA—medium chain fatty acids, LACS—long
chain acyl-CoA synthetase, CPT—carnitine palmitoyl-transferase, CACT—carnitine acylcarnitine
translocase, MACS—medium chain acyl-CoA synthetase, ME—malic enzyme, MCT—monocarboxylate
transporter, PDH—pyruvate dehydrogenase, TCA—tricarboxylic acid cycle, NAD—nicotinamide
adenine dinucleotide, FAD—flavin adenine dinucleotide, I-V—mitochondrial electron transport chain
complexes, Q—coenzyme Q, Cyt c—cytochrome c, ANT—ADP/ATP carrier, PiC—inorganic phosphate
carrier, UCP—uncoupling protein.
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In the case of pyruvate+malate oxidation the apparent Km
ADP of mitochondria in

saponin-permeabilized rat cardiac fibers (Km
ADP = 217.8 ± 8 µM) is by 3–10 folds higher if compared

with the apparent Km
ADP for oleoyl-CoA + l-carnitine+malate (55.7 ± 5.1 µM ADP), decanoic acid

+ pyruvate + malate (75.8 ± 7.6 µM ADP) or isolated rat heart mitochondria (Km
ADP = 23 µM,

Liobikas et al., 2001) (Figure 2). It is evident that the oxidation of both decanoic acid and oleoyl-CoA
in situ induces a marked increase in the affinity of mitochondrial oxidative phosphorylation system
for ADP.
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Figure 2. Influence of different respiratory substrates: pyruvate + malate (6 mM + 6 mM), oleoyl-CoA
+ l-carnitine+malate (6 µM + 2.5mM + 0.24mM) and decanoic acid + pyruvate + malate (0.3 mM +

6 mM + 6 mM) on the apparent Km
ADP (a) and Vmax (b) of saponin-permeabilized rat cardiac fibers.

n = 5; 37 ◦C; * p < 0.05 vs. control (pyruvate + malate). The results were analyzed with one-way
analysis of variance (ANOVA) followed by the Dunnett post hoc test.

In the next series of experiments on different skinned cardiac fiber samples we tested the
concentration dependence of the effect of fatty acids on the apparent Km

ADP (Figure 3). The high
apparent Km

ADP with pyruvate + malate decreased to 30% and 33% of control values, when pyruvate
+ malate was supplemented with 2.2 µM or 9 µM palmitoyl-l-carnitine.
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Figure 3. Influence of different respiratory substrates: pyruvate + malate (P + M, 6 mM + 6 mM),
pyruvate + malate + palmitoyl-l-carnitine (6 mM + 6 mM + 2.2 µM) and pyruvate + malate +

palmitoyl-l-carnitine (6 mM + 6 mM + 9 µM) on the apparent Km
ADP of saponin-permeabilized rat

cardiac fibers. Here, n = 5; 37 ◦C; * p < 0.05 vs. control (pyruvate + malate). The results were analyzed
with one-way analysis of variance (ANOVA) followed by the Dunnett post hoc test.

Thus, four times lower concentration of palmitoyl-l-carnitine (2.2 µM) also effectively decreased
the apparent Km

ADP. Noteworthy, at 2.2 µM palmitoyl–l-carnitine (alone) the State 3 respiration
rate was equal to 30–40% of that estimated at 9 µM. In the separate set of experiments, we revealed
also that even 0.5 µM of palmitoyl-l-carnitine (used together with pyruvate+malate) decreased the
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apparent Km
ADP (p < 0.05) to similar level as 9 µM of palmitoyl-l-carnitine (94.6 ± 13 µM and

77.9 ± 11 µM, respectively, compared with pyruvate+malate alone, 253.3 ± 23 µM; data of 4–6 paired
experiments; 37 ◦C). Essentially similar results were obtained in the separate group of experiments
when octanoyl-l-carnitine at two different concentrations (0.36 and 0.1 mM) was used as respiratory
substrate in the presence of pyruvate + malate (Figure 4).
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oxidizing palmitoyl-L-carnitine (9 μM) in the presence of malate (0.24 mM). The results were analyzed 

with paired t test; n = 7; * p < 0.05. 

When pyruvate+malate were added immediately after the complete oxidation of a limited 

quantity (1.6 nmol) of palmitoyl-L-carnitine (Figure 6), the apparent KmADP of mitochondria in cardiac 

fibers remained at a high level (211 ± 40 µM ADP), similar as in the case of pyruvate+malate oxidation 

alone (223 ± 56 µM ADP) (data of five paired experiments, 37 C). Thus, the effect of fatty acids on 

the apparent KmADP of mitochondria in permeabilized rat cardiac fibers is reversible. 
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pyruvate + malate + octanoyl-l-carnitine (6 mM + 6 mM + 0.36 mM) and pyruvate + malate +

octanoyl-l-carnitine (6 mM + 6 mM + 0.1 mM) on the apparent Km
ADP of saponin-permeabilized rat

cardiac fibers. In this case, n = 4; 37 ◦C; * p < 0.05 vs. control (pyruvate + malate). The results were
analyzed with one-way analysis of variance (ANOVA) followed by the Dunnett post hoc test.

In this case, the apparent Km
ADP decreased, respectively, to 34% and 26% of control values

estimated with pyruvate+malate (p < 0.05, n = 4, 37 ◦C). Thus, our results showed that the decrease in
the apparent Km

ADP value did not depend upon the concentration of fatty acids.
Interestingly, during palmitoyl-l-carnitine oxidation, the apparent Km

ADP decreased by about
2.6-fold with elevation of temperature from 25 ◦C to 37 ◦C, i.e., from 123 ± 22 µM ADP to 48 ± 5 µM
ADP, respectively (Figure 5).
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Figure 5. Influence of temperature on the apparent Km
ADP of saponin-permeabilized rat cardiac fibers

oxidizing palmitoyl-l-carnitine (9 µM) in the presence of malate (0.24 mM). The results were analyzed
with paired t test; n = 7; * p < 0.05.

When pyruvate+malate were added immediately after the complete oxidation of a limited quantity
(1.6 nmol) of palmitoyl-l-carnitine (Figure 6), the apparent Km

ADP of mitochondria in cardiac fibers
remained at a high level (211 ± 40 µM ADP), similar as in the case of pyruvate+malate oxidation
alone (223 ± 56 µM ADP) (data of five paired experiments, 37 ◦C). Thus, the effect of fatty acids on the
apparent Km

ADP of mitochondria in permeabilized rat cardiac fibers is reversible.
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Figure 6. Representative respiration curve after the complete oxidation of a limited quantity of
palmitoyl-l-carnitine. The black curve—oxygen consumption, the blue curve—oxygen consumption
derivative. Additions: O—skinned rat cardiac fibers (registration of respiration on endogenous
substrates), then A1—1.6 nmol of palmitoyl-l-carnitine, A2—pyruvate + malate (6 mM + 6 mM,
respiration rate: 24.8 nmol/O/min/mg dry weight), A3—10µM ADP (respiration rate: 32 nmol/O/min/mg
dry weight), A4—1.2 mM ADP (respiration rate: 57.7 nmol/O/min/mg dry weight).

To exclude that the decrease in the apparent Km
ADP during fatty acid oxidation is related to

the detergent activity of palmitoyl-l-carnitine (reviewed in Goni FM et al. 1966) and its damage to
mitochondrial membranes, we measured the swelling of isolated rat heart mitochondria oxidizing
palmitoyl-l-carnitine (9, 27 and 80 µM) and malate (0.24 mM). Our data (Figure 7) showed that
palmitoyl-l-carnitine at a concentration of 9 µM did not induce mitochondrial swelling.
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Figure 7. Swelling of isolated rat heart mitochondria respiring on palmitoyl-l-carnitine (9–80 µM) and
malate (0.24 mM). n = 3, typical absorption traces are shown.

However, the higher concentrations (starting from 27 µM) of a palmitoyl-l-carnitine-induced
concentration–dependent increase in mitochondrial swelling. Importantly, palmitoyl-l-carnitine did
not change the mitochondrial outer membrane integrity (external cytochrome c did not stimulate the
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State 3 respiration; its effect varied between 0.98 and 1.02 at distinct palmitoyl-l-carnitine concentrations;
n = 8).

3.2. Regulation of Mitochondrial Respiration by Endogenous versus Exogenous ADP: Influence of
Palmitoyl-l-Carnitine

The endogenous ADP is produced from exogenous ATP by ATPases in the myofibrils and in
the sarcoplasmic reticulum, and is delivered directly to the mitochondria [8]. In the next series of
experiments, the respiration of fibers was supported by palmitoyl-l-carnitine or pyruvate + malate
(control), and titrated by ADP and ATP (Figure 8).
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Figure 8. Influence of the adenosine diphosphate (ADP) source (endogenous (from exogenous adenosine
triphosphate (ATP)) or exogenous) on the apparent Km

ADP of saponin-permeabilized rat cardiac fibers
oxidizing palmitoyl-l-carnitine (9 µM) in the presence of malate (0.24 mM) or pyruvate + malate
(control, 6 mM + 6 mM). Experiments were performed at 37 ◦C. * p < 0.05 vs. control. n = 5 (paired
experiments). The results were analyzed with one-way analysis of variance (ANOVA) followed by
Dunnett post hoc test.

The apparent Km
ADP and Km

ATP were very low with palmitoyl-l-carnitine as the substrate (55 ± 9
and 59 ± 26 µM, respectively compared to pyruvate+malate (Km

ADP, 312 ± 28 µM). Thus, in our study
the decrease in the apparent Km

ADP during fatty acid oxidation did not depend on the exogenous or
endogenous supply of ADP.

3.3. Influence of Palmitoyl-l-Carnitine on the Permeability of Mitochondrial Outer Membrane for ADP

Using an exogenous ADP-trapping system consisting of pyruvate kinase + phosphoenolpyruvate
(PK + PEP), which effectively competes with mitochondria for extramitochondrial ADP [8],
we investigated the interactions of functional complexes of mitochondria with Ca, Mg ATPases
of myofibrils and sarcoplasmic reticulum under different conditions (25 and 37 ◦C), and mitochondrial
outer membrane permeability for ADP. The results of these experiments are presented in Figure 9.
By the addition of 2 mM ATP we stimulated the basal respiration of mitochondria (similarly with
both substrates, glutamate + malate and palmitoyl-l-carnitine), due to endogenously generated ADP.
Consecutive addition of PK (40 U/mL, in the presence of PEP in the medium) suppressed respiration
by about 30%; a similar effect (23%) was observed with palmitoyl-l-carnitine at 25 ◦C. The inhibitory
effect of PK + PEP at 37 ◦C was equal with both respiratory substrates, glutamate + malate (33%) and
palmitoyl-l-carnitine+malate (31%).
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Figure 9. Influence of pyruvate kinase + phosphoenolpyruvate (PK + PEP) ADP-consuming system 

and creatine on the respiration of rat cardiac fibers using glutamate+malate and palmitoyl-L-carnitine 

+ malate as respiratory substrates at (a) 25 C and (b) 37 C. The effect of pyruvate kinase (PK) (40 

U/mL) on VATP and the effect of creatine on VPK (40 U/mL) are shown. * p < 0.05 versus 37 C with 

palmitoyl-L-carnitine, n = 5 (paired experiments). The results were analyzed with one-way analysis of 

variance (ANOVA) followed by Tukey’s multiple comparison test. 
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inaccessibility of PK to ADP localized in the intermembrane space of mitochondria. Thus, neither the 
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mitochondria [13]. This approach should be regarded as more physiological. In this case the 
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Figure 9. Influence of pyruvate kinase + phosphoenolpyruvate (PK + PEP) ADP-consuming system
and creatine on the respiration of rat cardiac fibers using glutamate+malate and palmitoyl-l-carnitine
+ malate as respiratory substrates at (a) 25 ◦C and (b) 37 ◦C. The effect of pyruvate kinase (PK)
(40 U/mL) on VATP and the effect of creatine on VPK (40 U/mL) are shown. * p < 0.05 versus 37 ◦C with
palmitoyl-l-carnitine, n = 5 (paired experiments). The results were analyzed with one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison test.

It is important to note that the exogenous cytochrome c test showed the intactness of the
mitochondrial outer membrane (no stimulation of respiration in State 3 by cytochrome c was observed;
its effect on respiration varied from 0.90± 0.02 to 1.04± 0.01; n = 5, paired experiments) and inaccessibility
of PK to ADP localized in the intermembrane space of mitochondria. Thus, neither the increase in
temperature (from 25 to 37 ◦C) nor fatty acid oxidation, which both largely increased the affinity
of mitochondrial oxidative phosphorylation for exogenous and endogenous ADP (i.e., decrease in
the apparent Km

ADP and Km
ATP), affected the inhibitory effects of exogenous ADP-trapping system,

and possibly, the concentration of ADP in the medium. In case palmitoyl-l-carnitine could increase
the mitochondrial outer membrane permeability to ADP or ATP, the inhibitory effect of PK + PEP
would have been different during palmitoyl-l-carnitine oxidation compared to the oxidation of
pyruvate + malate. Our data show that the effect was similar during the oxidation of either substrate.
Thus, the data presented above mean that the oxidation of palmitoyl-l-carnitine does not increase the
mitochondrial outer membrane permeability to ADP or ATP.

3.4. Influence of Creatine Kinase on Regulation of Mitochondrial Respiration Supported by Fatty Acids

In the next series of experiments, we investigated the effect of fatty acid oxidation on the functional
coupling between mitochondrial creatine kinase (mi-CK) and the ADP/ATP carrier.

The addition of 20 mM creatine in the presence of 2 mM ATP and exogenous PK + PEP system
give notable and similar (1.35–1.56-fold) increase in the respiration rate in all conditions investigated
(with both substrates, glutamate and palmitoyl-l-carnitine, at two different temperatures 25 and 37 ◦C,
Figure 9).

Furthermore, the exogenous creatine, in the medium devoid of PK and PEP, stimulated the
respiration of cardiac fibers oxidizing pyruvate + malate or palmitoyl-l-carnitine in presence of low
60 µM ADP concentration, accordingly by 1.37 ± 0.05 times and 1.42 ± 0.04 times (data of six unpaired
experiments, 20 ◦C) with a similar efficacy as in the medium containing PK + PEP (Figure 9). It should
be noted that in these experiments, exogenous cytochrome c had no significant stimulating effect on the
mitochondrial respiration in State 3 with both substrates, indicating the intactness of the mitochondrial
outer membrane.

In other series of experiments, fibers respiration supported by palmitoyl-l-carnitine was stimulated
by exogenous ATP. In these conditions, endogenous ADP is produced from exogenous ATP by ATPases
in myofibrils and the sarcoplasmic reticulum, and it is delivered directly to the mitochondria [13].
This approach should be regarded as more physiological. In this case the stimulating effect of creatine
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on mitochondrial respiration appeared to be very close to that observed in the above described
experiments with the exogenous ADP; i.e., 1.38 ± 0.06 and 1.47 ± 0.05 times, respectively, with 23 and
37 µM of ATP (data of five unpaired experiments, 20 ◦C).

The maximal effect of creatine on mitochondrial respiration with octanoyl-dl-carnitine, similarly to
palmitoyl-l-carnitine, was observed at 60 µM concentration of exogenous ADP (n = 3–5; Figure 10).
Similar results (ADP concentration) were obtained also in the case of pyruvate + malate oxidation.
When octanoyl-dl-carnitine was used as a respiratory substrate, the estimated apparent Km

ADP values
were significantly different in the presence and absence of creatine, accordingly 98 ± 11 µM ADP and
235 ± 16 µM ADP (Figure 10).
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Figure 10. The dependence of the respiration rates of rat cardiac fibers on the external ADP 
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Figure 10. The dependence of the respiration rates of rat cardiac fibers on the external ADP concentration:
the effect of creatine. The substrate: octanoyl-dl-carnitine 0.36 mM + malate 0.24 mM. The data of five
separate paired experiments are presented. Vmax values (in nmol O/min/mg dry weight) were found to
be similar: 29.9 ± 1.8 (the medium without creatine) and 31.1 ± 1.6 (the medium with 20 mM creatine).

Thus, the creatine-induced decrease in the apparent Km
ADP reflects the maintenance of functional

coupling in the intermembrane space between ADP/ATP carrier and mi-CK in the mitochondria
respiring on fatty acids.

3.5. Effects of Oncotic Pressure on Mitochondrial Fatty Acid Oxidation

In our further study, 5% of dextran T-70 was added to the respiration medium to mimic the oncotic
pressure of the cellular cytoplasm and to test its effect on the respiration of saponin-permeabilized rat
cardiac fibers oxidizing pyruvate + malate or palmitoyl-l-carnitine. 5% dextran T-70 similarly (by 25%)
decreased the maximal respiration rate (with ADP) of mitochondria in situ, oxidizing both substrates
palmitoyl-l-carnitine and pyruvate + malate (Figure 11). Noteworthy, dextran did not affect the high
apparent Km

ADP of mitochondria in cardiac fibers oxidizing pyruvate + malate, but significantly
(by 50–60%) increased the low apparent Km

ADP of mitochondria oxidizing palmitoyl-l-carnitine.
The apparent Km

ADP values during the oxidation of palmitoyl-l-carnitine in the medium containing
5% dextran (110.6 ± 20.7 µM) were much lower than the high apparent Km

ADP values (255.7 ± 42 µM)
characteristic for the oxidation of pyruvate + malate.
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3.6. Fatty Acid-Oxidation and Oncotic Pressure-induced Changes of Mitochondrial Morphology

Electron microscopy was used to evaluate morphological changes in mitochondria in situ caused
by fatty acids oxidation in presence and absence of 5% dextran T-70 (Figure 12).
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Figure 12. Morphology of mitochondria in skinned rat cardiac fibers. 5 min incubations of
saponin-skinned cardiac fibers were performed in physiological salt solution at 37 ◦C in the presence
of: (a) pyruvate + malate (6 mM + 6 mM); (b) palmitoyl-l-carnitine (9 µM); (c) palmitoyl-l-carnitine
(9 µM) + 5% dextran T-70; (d) pyruvate + malate (6 mM + 6 mM) and ADP/ATP carrier inhibitor
carboxyatractyloside (1.3 µM); (e) pyruvate + malate (6 mM + 6 mM) and ADP/ATP carrier inhibitor
bongkrekic acid (17.6 µM).
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The results revealed that mitochondrial morphology in saponin-permeabilized cardiac fibers
significantly alters during 5 min oxidation of palmitoyl-l-carnitine in the absence of dextran (Figure 12b);
compared with pyruvate and malate oxidation (Figure 12a): increased mitochondrial intermembrane
space and condensed mitochondrial matrix were observed.

In fibers treated with dextran (in the presence of palmitoyl-l-carnitine), the whole population of
mitochondria was dark (Figure 12c) indicating that they all have intact outer membranes. This finding
is in accordance with the functional evaluation of intactness of mitochondrial outer membrane by
cytochrome c test. Dextran prevented the palmitoyl-l-carnitine-induced morphological changes of
mitochondria, where condensed mitochondria were observed; i.e., the appearance of mitochondria
became similar to that in fibers incubated with pyruvate and malate, or similar as with in vivo conditions.

It is noteworthy that the incubation of fibers with carboxyatractyloside (1.3µM; at this concentration
the state 3 respiration with pyruvate and malate was completely inhibited)-induced ultrastructural
changes of mitochondria similar to those induced by palmitoyl-l-carnitine, corresponding to the
orthodox state of mitochondria; that is, enlarged cristae volume, contracted matrix space (Figure 12d).
Bongkrekic acid (17.6 µM) induced completely different changes of mitochondrial ultrastructure;
mitochondria were dark, cristae compressed, matrix space enlarged, little vacuoles were noticed,
corresponding to the condensed state of mitochondria (Figure 12e). Thus, our results suggest that fatty
acid oxidation may cause the morphological changes of mitochondrial ultrastructure, with an orthodox
conformation when the ADP/ATP carrier is in the cytosol-oriented state.

4. Discussion

Palmitoyl-l-carnitine and other fatty acids of different chain length and degree of
saturation differently affect the various enzymes, carriers and functions of mitochondria [1,2,32].
Therefore, we investigated the role of decanoate, octanoyl-l-carnitine, palmitoyl-l-carnitine and
oleoyl-CoA (plus carnitine) in the regulation of mitochondrial respiration. In contrast to oleoyl-CoA,
short- and medium-chain fatty acids (up to twelve carbon atoms) can cross mitochondrial membranes
bypassing the carnitine dependent transport system [33]. Decanoate is activated to acyl-CoA inside
mitochondria before being directed to oxidation. This reaction is catalyzed by the medium-chain
acyl-CoA synthetase and requires both CoA and ATP. Meanwhile, oleoyl-CoA does not need activation.

Despite of differences in transport pathways, some reactions preceding β-oxidation and the
enzyme systems responsible for β-oxidation, decanoic acid and oleoyl-CoA, similarly decreased the
apparent Km

ADP (Figure 2). Based on these findings and the related effects obtained previously
with saturated fatty acids [9], it could be concluded that this property is general for all fatty acids.
Furthermore, the decrease in the apparent Km

ADP was similar during palmitoyl-l-carnitine oxidation at
concentrations resulting in the maximal State 3 respiration rate (9µM) and the suboptimal one (at 2.2 µM
and even at 0.5 µM; Figure 3). In addition, when pyruvate and malate were added immediately after
the completion of the oxidation of a limited quantity of palmitoyl-l-carnitine (Figure 6), the apparent
Km

ADP of the mitochondria in cardiac fibers remained at a high level, showing that the effect of fatty
acids on the apparent Km

ADP of mitochondria in permeabilized rat cardiac fibers was reversible.
Levitsky and Skulachev [34] demonstrated that palmitoyl-l-carnitine, when transported

into isolated rat liver mitochondria, induced a swelling of mitochondrial matrix. Neely and
Feuvray [35] observed morphological changes of isolated heart mitochondria after incubation with
palmitoyl-l-carnitine, and Piper et al. [36], with oleoyl-l-carnitine, and in addition, the surfactant
properties of palmitoyl-l-carnitine were revealed (for review, see [37]). We examined in this study the
possible influence of palmitoyl-l-carnitine on the swelling of respiring, isolated rat heart mitochondria
and the intactness of their outer membrane. Our investigations showed clearly that the decrease of
the apparent Km

ADP due to fatty acids oxidation described above cannot be attributed, neither to the
increase in the volume of mitochondria (no mitochondrial swelling at 9 µM of palmitoyl-l-carnitine
was observed; Figure 7), nor to the injury of mitochondrial outer membrane (no injury of mitochondrial
outer membrane was demonstrated neither at 9 µM nor at much higher 80 µM of palmitoyl-l-carnitine,
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where large swelling was obvious; no injury of the mitochondrial outer membrane was also confirmed
electron microscopically using dextran T-70; see Figure 12c and the discussion below).

Under some conditions (starvation, fasting) fatty acids play a major role in the heart energy
metabolism. In the other cases, mostly both glucose and fatty acids are used as energy fuel, and as
proposed [38], both are required for the optimal function of the failing heart; simultaneous oxidation of
these two substrates is the best for heart function [39]. In this regard, our study shows the important
effects of fatty acids on the regulation of the kinetics of oxidative phosphorylation (expressed as the
apparent Km

ADP value) when they were used alone or in the combination with pyruvate and malate.
We compared the kinetics of the regulation of mitochondrial respiration stimulated both by

the exogenous ADP and exogenous ATP. In the latter case, the endogenous ADP is produced
by ATPases in the myofibrils and in the sarcoplasmic reticulum, and is delivered directly to the
mitochondria [8]. In accordance with the low apparent Km

ADP, also the low apparent Km
ATP values for

saponin-permeabilized fibers respiring on palmitoyl-l-carnitine were demonstrated (for the first time
with this substrate). In addition, our data are in accordance with the data obtained by Seppet et al. [8],
where they demonstrated very similar high (300 µM) apparent Km values for both exogenous ADP and
exogenous ATP for cardiac fibers respiring on non-fatty substrates. Thus, the apparent Km of oxidative
phosphorylation for ADP in saponin-permeabilized rat cardiac fibers did not depend on the external
or internal source of ADP.

When endogenous ADP is produced by ATPases in the myofibrils and in the sarcoplasmic
reticulum, it is directly channeled to mitochondria without significant release into the medium if
the mitochondrial oxidative phosphorylation is active [8]. This evidence was obtained by using an
exogenous ADP-trapping system consisting of PK + PEP, which effectively competes with mitochondria
for the extramitochondrial ADP, and therefore, decreases the respiration rate in the State 3. In our
experiments, the PK effect is exceptionally from the outside of the mitochondria, since the exogenous
cytochrome c test (no stimulation of respiration in State 3 by cytochrome c) shows the intactness of the
mitochondrial outer membrane and the inaccessibility of PK to ADP localized in the intermembrane
space of the mitochondria. Thus, neither the increase in temperature (from 25 to 37 ◦C), nor fatty acid
oxidation, which both largely increase the affinity of mitochondrial oxidative phosphorylation for
exogenous and endogenous ADP (decrease in the apparent Km

ADP and apparent Km
ATP), affect the

inhibitory effects of the exogenous ADP-trapping system (Figure 9), and thus did not enhance the
permeability of the mitochondrial outer membrane for ADP (Figure 9). The inhibitory effects of PK +

PEP on the respiration of saponin-permeabilized rat cardiac fibers oxidizing glutamate+malate (25 ◦C)
obtained by us are in good agreement with the data of other investigators [8,10].

The stimulating effects of creatine on fibers respiration with palmitoyl-l-carnitine assessed at low
concentration (60 µM) of ADP reflects maintenance of functional coupling in the intermembrane space
between the ADP/ATP carrier and mi-CK. Our data (Figure 10) show that the functional coupling
between the ADP/ATP carrier and mi-CK is preserved in mitochondria despite the significant decrease
in the apparent Km

ADP induced by fatty acid oxidation. Noteworthy, the latter phenomenon is observed
not only at 37 ◦C [9], but also at lower, i.e., 20 ◦C temperature. The finding that creatine significantly
decreases the apparent Km

ADP in the mitochondria oxidizing octanoyl-dl-carnitine (Figure 5) is in
a good agreement with the data of other investigators [40,41], when pyruvate+malate, i.e., non-fatty
respiratory substrate, was used.

There are two mechanisms suggested to explain the effective interaction between mi-CK and
the ADP/ATP carrier: the dynamic compartmentation of ATP and ADP [42], and the direct transfer
of ATP and ADP between the proteins [43,44]. According to the first mechanism, the functional
coupling between mi-CK and the ADP/ATP carrier can be explained by differences between the
concentrations of ATP and ADP in the intermembrane space and those in the surrounding solution due
to some limitations of their diffusion across the outer mitochondrial membrane [42]. Beside dynamic
compartmentation, facilitated diffusion was also suggested as the potential mechanism of the action
of the phosphocreatine shuttle [45]. According to the second mechanism of coupling, ATP and ADP
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are directly transferred between mi-CK and the ADP/ATP carrier without leaving the complex of
proteins [44]. Kuznetsov et al. [41] investigated the apparent Km for ADP in cardiac, slow-twitch and
fast-twitch skeletal muscle fibers, and they provide a strong argument against the possibility that the
diffusion problems may be related to the increased apparent Km for ADP in cardiac and slow-twitch
skeletal muscle fibers, as in fast-twitch skeletal muscle fibers, it remains low and comparable to the
apparent Km for ADP in isolated mitochondria [41]. Also, they found that in the ghost fibers where the
myosin and 10–20% of cellular proteins were removed from the cells by KC1 treatment, the apparent
Km for ADP remained unchanged [41]. Under their conditions the sarcolemma was almost completely
removed, and could not act as a diffusion barrier even for the big protein molecules [41]. Their data
together with our results that creatine did not increase Vmax in skinned cardiac fibers oxidizing
octanoyl-dl-carnitine (Figure 10), and that the addition of dextran did not affect the apparent Km for
ADP in the skinned cardiac fibers oxidizing pyruvate and malate (Figure 11a), suggest that the changes
in the apparent Km for ADP are unlikely related to the diffusion problems.

In vivo mitochondria are embedded in the cytoplasm in which the protein content may be as high
as 20–30% (m/v) [46]. Macromolecules, like bovine serum albumin, dextran, ficol, polyvinylpyrrolidone,
added to the medium, can restore the morphological changes in the outer mitochondrial compartment
that occur during the isolation of mitochondria [47–49].

It has been also shown that, in isolated rat heart mitochondria, 10% of bovine serum albumin
and 5–25% dextran strongly increase the apparent Km

ADP of oxidative phosphorylation [15,50] and
of mitochondrial creatine kinase [50]. Dextrans or other macromolecules decrease the conductivity
of porin pores in artificial membranes [48,51], the volume of the intermembrane space in isolated
mitochondria, and increase the number of contact sites between both mitochondrial membranes [52].
Morphological changes of isolated mitochondria are accompanied by a reduced permeability of the
mitochondrial outer membrane for adenine nucleotides [50]. In this study, respirometric investigation
of saponin-permeabilized rat cardiac fibers demonstrated that an addition of 5% dextran into the
incubation medium (to mimic the oncotic pressure of the cellular cytoplasm) markedly increased
the low apparent Km

ADP value of mitochondria respiring on palmitoyl-l-carnitine, but did not
affect the high apparent Km

ADP of mitochondria respiring on pyruvate and malate (Figure 11).
Interestingly, the apparent Km

ADP values during the oxidation of palmitoyl-l-carnitine in the medium
containing 5% dextran (110.6 ± 20.7 µM ADP), despite some increase (compared with medium devoid
of dextran), remained far below high values characteristic for the oxidation of pyruvate + malate
(apparent Km

ADP: 255.7 ± 42 µM) (Figure 11).
Electron microscopy was used to evaluate the effects of fatty acid oxidation and dextran T-70

on the morphology of rat heart mitochondria in situ (Figure 12). Palmitoyl-l-carnitine oxidation
induced marked alterations in the mitochondrial ultrastructure, which is different from that observed
with pyruvate and malate, and similar to the changes induced by the incubation of fibers with the
ADP/ATP carrier inhibitor carboxyatractyloside. When mitochondria were incubated with compounds,
fixing the ADP/ATP carrier in M (i.e., matrix-oriented) conformation, the cristae were compressed,
the matrix space enlarged, and the separation of the inner membrane space forming vacuoles was
noticed [53]. We obtained similar results after the incubation of mitochondria with bongkrekic acid. In
the contrary, when mitochondria were incubated with compounds, fixing the ADP/ATP carrier in C
(i.e., cytosol-oriented) conformation, e.g., with carboxyatractyloside, such that the cristae volume was
enlarged at the expense of matrix space, the electron densities increased [53]. Furthermore, these two
distinct mitochondrial conformations corresponded to condensed and orthodox mitochondrial
conformation, accordingly [25,26]. Ultrastructural changes of mitochondria in cardiac fibers respiring
on palmitoyl-l-carnitine were completely prevented by dextran addition into the incubation medium.
Furthermore, most mitochondria in the fibers incubated with palmitoyl-l-carnitine in the presence of
dextran appeared dark, indicating that their outer membranes were intact (Figure 12c), in accordance
with the results of the cytochrome c test, presented in the Results section. Partial “normalization”,
i.e., the increase by dextran of the apparent Km

ADP and complete “normalization” of the ultrastructure
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of mitochondria in saponin-permeabilized cardiac fibers respiring on palmitoyl-l-carnitine could be
due to fatty acid oxidation-induced alterations of the mitochondrial ultrastructure.

The high apparent Km for exogenous ADP is determined by low mitochondrial outer membrane
permeability for ADP and the concerted action of tight complexes (called as intracellular energetic units)
of mitochondria and other cellular ADP-producing systems (ATPases) in myofibrils and sarcoplasmic
reticulum [8,10]. A highly organized intracellular structure and the arrangement of mitochondria are
also crucial for the increase in the affinity of mitochondrial oxidative phosphorylation for ADP and the
decrease in the apparent Km

ADP value [16,18,22].
The calculations by Lizana et al. [54] using a simplistic model suggested that mitochondria (and

small biological compartments in general) may regulate the dynamics of interior reaction pathways
(e.g., the Krebs cycle) by volume changes. It was hypothesized (for review, see [55]) that the cristae
shape can be modulated by different pathways/signaling molecules (ROS, the NADH/NAD ratio,
the ATP/ADP ratio, etc.). Even low concentration of long-chain fatty acid palmitoyl-l-carnitine
oxidation in skeletal muscle and heart mitochondria has been associated with significantly higher
ROS production and increased mitochondrial proton leak (2 times lower respiratory control ratio,
i.e., coupling), compared with the oxidation of NADH-linked substrates (pyruvate + malate or
glutamate + malate) [56–58].

The greater ROS formation, similar at higher and lower mitochondrial membrane potential, was
maintained despite of the activation of the uncoupling mechanisms of the ADP/ATP carrier during
palmitoyl-l-carnitine (18 µM) oxidation [56]. Furthermore, functional (and possibly structural)
interaction of ADP/ATP carrier and VDAC and its modulation/interruption by the ADP/ATP
carrier inhibitor atractyloside-induced change of ADP/ATP carrier conformation has been also
demonstrated [59]. Structural changes of mitochondria induced by carboxyatractyloside, similar to
those induced by palmitoyl-l-carnitine, were observed by us in this study. The functional interaction
of ADP/ATP carrier and VDAC facilitated the channeling of nucleotides and other metabolites between
cytosol and mitochondrial matrix [59].

The low apparent Km
ADP in mitochondria from cancerous cells [22,23] and fetal or neonatal

mitochondria [24] could be related to mitochondrial ultrastructural changes. Adult mitochondria
are usually in condensed conformation, with enlarged mitochondrial matrix volume and the
decreased intermembrane space, compared to neonatal mitochondria which are mostly in orthodox
conformation [25,26]. Our results showed that palmitoyl-l-carnitine oxidation induced ultrastructural
changes of mitochondria, with a marked increase in mitochondrial intermembrane space and decrease
of mitochondrial matrix (Figure 12b), and similar changes were obtained in the presence of the
ADP/ATP carrier inhibitor carboxyatractyloside (Figure 12d).

Recent studies have revealed that fatty acids could be the cofactors [60] of the newly discovered
action mode of the ADP/ATP carrier when protons are transported to mitochondrial matrix [61].
Cytosolic fatty acids could interfere with ADP/ATP transport [60] by activating the proton current
to mitochondrial matrix [61]. They are able to bind to the ADP/ATP carrier from the cytosolic side
in the C- or M-state, but could not induce C–M conformational change or be transported by the
ADP/ATP carrier [61]. It was suggested that the ADP/ATP carrier could have two transport modes:
C–M conformational change-related electrogenic ADP/ATP exchange and cytosolic fatty acid-activated
conformation-independent proton channel [61]. We have also observed that palmitate, palmitoyl-CoA
and palmitoyl-l-carnitine could not induce the decrease of apparent Km

ADP when their oxidation was
prevented by the absence of necessary cofactors or blocked with rotenone [9]. The lower apparent
Km

ADP was related to the oxidation, but not to the transport of fatty acids into mitochondria [9].
In the study of Divakaruni et al. [19], fatty acids have been demonstrated to change the conformation
of the uncoupling protein, that is structurally, and to some extent, functionally, similar with the
ADP/ATP carrier [20,21]. ADP/ATP exchange is driven by the mitochondrial membrane potential,
which has been shown to affect the distribution of the binding sites of the ADP/ATP carrier between
inside and outside, as well as the distribution of ADP/ATP carrier molecules between the M- and the
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C-state, respectively [62]. Thus, Krämer and Klingenberg argued that the membrane potential could
indirectly influence the C- and M-conformational transition of the ADP/ATP carrier [62]. The tumor
and fetal/neonatal mitochondria are not only characterized by the low apparent Km ADP, but also have
higher mitochondrial membrane potential, i.e., are hyperpolarized [63,64]. According to the data of
our colleagues, the mitochondrial membrane potential of isolated rat heart mitochondria respiring on
pyruvate+malate or palmitoyl-l-carnitine as substrates was accordingly 146 ± 2 mV and 124 ± 1 mV
(n = 5, assessed with TPP+ electrode; R. Baniene, unpublished data, 2020); i.e., the membrane potential
did not increase, rather it slightly decreased during palmitoyl-l-carnitine oxidation. These values are
in line with the data from the study of Seifert et al. where lower energization and lower membrane
potential of the skeletal muscle mitochondria were reported in the case of palmitoyl-l-carnitine oxidation
compared to pyruvate and malate oxidation [56]; however, it could be related to the higher uncoupling
protein content in skeletal muscle mitochondria [65]. It is technically complicated to quantify correctly
the mitochondrial membrane potential in skinned cardiac fibers due to the distribution of the cationic
potential probes within the cellular structures present in this object. However, it could not be excluded
that the mitochondrial membrane potential in the skinned fibers might differ from the mitochondrial
potential in the isolated mitochondria.

Thus, the hypothesis that the fatty acid oxidation-induced conformational change of the ADP/ATP
carrier (M-state to C-state, condensed to orthodox mitochondria) affecting the oxidative phosphorylation
affinity for ADP could be driven by the higher membrane potential generated during fatty acid oxidation
might be an interesting question to address in the future research.

Overall, our results imply that the fatty acid oxidation could regulate cellular energy metabolism
by increasing oxidative phosphorylation affinity for ADP due to fatty acid oxidation-induced
ADP/ATP carrier switch from M- to C-state, and corresponding mitochondrial transition from
condensed to orthodox conformation. Furthermore, this mechanism could be responsible for
the altered mitochondrial metabolism [66] when fatty acid oxidation is increased during the
development of chronic [67,68] and age-associated disorders, such as cardiovascular diseases,
diabetes, neurodegenerative diseases and cancer [69,70], and the ADP/ATP carrier modulation could
be a promising target in the search of novel therapies to restore the normal mitochondrial function.
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