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ABSTRACT

The review summarizes and analyzes modern data about the structure and
mechanism of action of endogenous and exogenous substances that have been able
to uncouple softly oxidative phosphorylation from respiration in mitochondria of
various body tissues. The data on the effect of mild uncouplers on the redistribution
of hydrogen ions on both sides of the inner mitochondrial membrane and the value
of the proton membrane potential are systematized. Evidence of a decrease in the
level of reactive oxygen species under the action of these substances is given.
Typical physiological effects that develop as a result of the action of mild uncouplers
(thermogenesis, prevention of mito- and apoptosis) are described. Possible ways of
using these substances as drugs for the prevention and treatment of obesity,
cardiovascular, neurodegenerative, inflammatory and oncological diseases are
discussed.
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INTRODUCTION. OXIDATIVE PHOSPHORYLATION. ROLE IN THE BIOENERGETICS OF
THE BODY
Oxidative phosphorylation (OP) is the main pathway for the synthesis of a universal high energy
compound, adenosine triphosphate (ATP). The polyenzyme system of this synthesis, including
the respiratory (electron transport) chain and ATP synthase, is localized in the lipid bilayer of
the inner mitochondrial membrane and carries out the synthesis of ATP from ADP, inorganic
orthophosphate and protons pumped by the respiratory chain into the intermembrane space.
These protons return to the matrix through the ATP-proton channel of ATP synthase. The gross
contribution of oxidative phosphorylation to the bioenergetics of body cells under aerobic
conditions is significantly greater than the total contribution of other pathways of ATP
synthesis (substrate phosphorylation, creatine kinase and adenylate kinase reactions). OP is a
coupled and interdependent process of two types of chemical transformations in mitochondria:
electron transfer from the initial substrates (NADH and succinate) to oxygen and ATP synthesis
due to the energy of electron transport. The P:0 or ADP:0 ratios are usually used as a
quantitative measure of OP that express the number of high-energy phosphates ( i.e. amount of
ATP) synthesized per an atom of oxygen consumed, or per a mole of water produced. If the OP
process is reproduced in vitro in an artificial incubation medium, this coefficient should be
equal to 3 for NAD-dependent substrates or 2 for succinate. However, under real in vivo
conditions, such “ideal” coupling does not take place, since the energy of electron transport in
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mitochondria is used not only for ATP synthesis, but also for heat generation. The latter is a
very important function of homoiothermic animals and humans. In addition to ATP synthesis
and heat production mitochondrial respiration is involved in the production of reactive oxygen
species (superoxide anion and hydrogen peroxide), which play an important signaling role in
body cells and control the phase state of membranes and the rate of renewal of their structural
components. [1, 2]. However, excessive production of free radicals in mitochondria leads to
damage to mitochondrial membranes, opening of the pore of variable permeability
(permeability transition pore), desorption of cytochrome c from the inner membrane, release
and activation of proteolytic enzymes (procaspases), and triggering the process of mitoptosis
(swelling and termination of all functions of mitochondria). Mitoptosis is a key event the final
result of which is cell apoptosis. If a critical number of cells undergoes apoptosis, organoptosis
(death 2of the organ) develops and, eventually, it results in phenoptosis (death of the body)
[3,4,5].

UNCOUPLERS OF OXIDATIVE PHOSPHORYLATION.
Classification and mechanism of action
The mitochondrial respiratory chain not only transports electrons to oxygen, but also forms a
proton concentration gradient (ApH) on both sides of the inner mitochondrial membrane

(proton-motive force) which is an integral part of the proton membrane potential (ApH+).
ApH* = Ay + zApH,

where z is the number of millivolts of the proton membrane potential which corresponds to a
change in the pH gradient per unit. The energy of this potential is used to perform a number of
endergonic functions, such as heat generation, transport of substances across the inner
membrane, production of reactive oxygen species (ROS), which are used either to perform
signaling functions or to remove damaged mitochondria [6, 7]. Heat production in
mitochondria is induced by physiological OP uncouplers. These substances activate
mitochondrial respiration without directly affecting the activity of the respiratory chain
enzyme complexes and without interacting with ATP synthase but reduce the rate of ATP
synthesis. In this case the proportion of free energy of electron transport which is converted
into heat increases.

The action of all OP uncouplers, both of endogenous and exogenous origin, has been well
studied. It is directed not to any enzyme systems, but to the lipid bilayer of the inner
mitochondrial membrane. Depending on the mechanism of their effect, uncouplers are divided
into 3 classes:

e protonophores,

e ionophores,

e detergents.

Uncouplers of the first class, dissolving in the lipid bilayer of the inner mitochondrial
membrane, make it permeable to protons and induce proton “leak” from the intermembrane
space back into the matrix. This leads to a decrease or to the complete disappearance of the
proton membrane potential. The latter makes impossible synthesis of ATP in the active center
of ATP synthase. A classic example of this class of uncouplers is 2,4-dinitrophenol (DNP) which
was the first to be discovered among protonophores. It dramatically stimulates mitochondrial
respiration and completely blocks ATP synthesis. At present, much more effective uncouplers
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are widely used in experimental biochemistry, for example, carbonyl cyanide derivatives of
phenylhydrazone (FCCP, CCCP), fluorine-containing polycyclic structures (BAM15), and other
substances that can cause a powerful uncoupling effect at micromolar concentrations [8].
Uncouplers of the second class induce not proton, but ionic conductivity for such ions as
potassium, sodium, calcium, phosphonium, etc. In this case, the proton concentration gradient
on both sides of the membrane is not changed, but the electric charge (proton-motive force)
decreases or completely disappears. It becomes impossible for protons to enter the active
center of ATP synthase, and, consequently, ATP synthesis decreases or completely stops.
Uncouplers of the third class are surfactants that cause destruction of the lipid bilayer of the
inner mitochondrial membrane, which leads to the loss of its electrical insulating properties,
equalization of the concentrations of all low molecular weight substances, and inorganic ions
on both sides, therefore the ATP synthesis disrupts completely. The uncouplers used in
experimental biochemistry are, as a rule, very toxic compounds, and therefore they are either
not used as medicines, or they are tried to be used at very low concentrations [9,10]. On the
other hand, some medicinal compounds used in clinical practice are able to uncouple OP, and
this is their toxic side effect [11,12].

Physiological uncouplers of OP cause the so-called "mild" uncoupling, in which there is no
complete stop of ATP synthesis. Therefore, they can only belong to the first or second class. The
beneficial effect of mild uncoupling primarily involves thermogenesis, i.e., the production of
heat to maintain a constant body temperature regardless of the ambient temperature. In
addition, mild uncouplers can reduce the level of free radicals in mitochondria, preventing the
development of mitoptosis as the initial stage of apoptotic cell death [13]. What substances can
actually cause the effect of mild uncoupling?

First of all, they should be divided into endogenous and exogenous. The latter can be subdivided
into substances of natural origin and artificially synthesized compounds.

ENDOGENOUS SOFT UNCOUPLERS OXIDATIVE PHOSPHORYLATION
Complete uncoupling of OP is detrimental to mitochondria and cells due to a sharp drop in the
level of ATP and disruption of all energy-dependent metabolic processes and functions.
However, as it was found out relatively recently, the absolutely complete coupling of oxidative
phosphorylation is also very unfavorable because heat production is disturbed and free oxygen
radicals accumulate which can initiate cell apoptosis program. The respiration of isolated
mitochondria in vitro is accompanied by the generation of an inner membrane proton potential
(uH+) of the order of 200 mV. The energy of this potential is used for the synthesis of ATP [14,
15]. However, at the same time, the production of free radicals by respiring mitochondria
progressively increases. If the proton membrane potential reaches values of 150 mV or more,
then the production of ROS increases sharply and non-linearly, that is associated with the risk
of mitoptosis and subsequent apoptosis [16]. Therefore, in vivo, intact cell mitochondria should
contain regulatory factors that limit the degree of OP coupling and prevent the development of
cell death. Such factors include mild uncouplers of oxidative phosphorylation [17-20]. These
uncouplers reduce the production of free radicals in mitochondria, reducing the proportion of
uH+ energy that is used for ATP synthesis. However, this is not accompanied by a violation of
cell bioenergetics, since these substances activate mitochondrial biogenesis, which
compensates for the decrease in ATP production by each mitochondrion [21]. The first
substances thought to perform this function in the whole organism were free (non-esterified)
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fatty acids (FFAs). It has been shown that, depending on the concentration and structure, FFA
molecules can have a protonophoric and detergent-like effect, as well as affect the packaging of
membrane phospholipids. It could be assumed that non-dissociated molecules of higher fatty
acids, due to the high degree of hydrophobicity of their radicals, penetrate into the
mitochondrial matrix along the concentration gradient. Inside the matrix, they dissociate with
the release of the H+ ion, thus increasing their matrix concentration. As a result, the proton
membrane potential decreases (Fig. 1).

Intermembrane space

RCOOH RCOOH \//\

Inner mitochondrial membrane

R-COO" + H'— RCOOH

Matrix

Fig. 1: Diffusion mechanism of the uncoupling action of fatty acids

However, such a simplified character of fatty acid action can not describe the real mechanism
of their influence on the coupling of OP. For the transport of fatty acids into mitochondria,
carrier molecules are certainly needed, for example, carnitine and related acyltransferases I
and II. A carnitine-independent cyclic mechanism of fatty acid transport, accompanied by a
decrease in the proton membrane potential, was proposed by V.P. Skulachev in 1991 [22]. This
mechanism included the participation of thermogenin (UCP1) and ATP/ADP antiporter as
proteins facilitating the movement of fatty acid anions across the inner mitochondrial
membrane. It increases the nonspecific energy expenditure of the body and contributes to
weightloss. There is still no unanimous idea about the details of the mechanism of participation
of UCP(s) in the implementation of the uncoupling effect of fatty acids. The following facts are
now firmly established: 1. Uncoupling proteins are not able to induce membrane proton
conductivity in the absence of fatty acids, just as fatty acids cannot perform an uncoupling
action without the participation of inner membrane transport proteins. 2. These proteins can
carry out the transport of inorganic anions, for example, GDP-dependent transport of Cl- ions.
However, according to some authors, such a transfer does not play any physiological role (the
case when there is a “dog that does not bark”) [23]. It is assumed that uncoupling proteins form
a channel for the transfer of undissociated fatty acid molecules into the mitochondrial matrix
along a concentration gradient (FA shuttling mechanism), as well as groups temporarily
binding anionic forms of fatty acids for their electrophoretic return to the intermembrane space
(FA cycling).

In general, it can be conluded that the only statement has been proven - that UCP(s) cause a
physiologically important mild uncoupling of OP and reduce the level of ROS in mitochondria
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in the presence of fatty acids. In the genome of humans and animals, 5 types of genes have been
found that are most highly expressed in the cells of the following tissues:

Table 1: Distribution of UCP genes in body tissues

UCP gene Tissue cells
UCP1 brown adipose tissue, beige adipocytes, T-lymphocytes
UCP2 ubiquitously: kidneys, liver, spleen, gastrointestinal tract, brain,

stem cells, skeletal muscle, pancreas, adipose tissue, tumor cells,
T-lymphocytes

UCP3 skeletal and smooth muscles, heart, thymus
UCP4 brain, neuroblastoma, cartilage, stem cells
UCP5 brain

The functions of different types of UCP(s) seem to be unequal. So the UCP1 protein serves to
generate heat in brown adipocytes, but the role of the other proteins is rather not heat
production, but protecting against excess of free radicals.

Some types of “classic” hormones have an uncoupling effect. First of all, these are
catecholamines of the adrenal medulla and iodothyronines of the thyroid gland. Initially, it was
assumed that these hormones are classical protonophores, since they, like 2,4-dinitrophenol,
have a hydrophobic phenolic ring capable of weak dissociation with the release of a proton.
Indeed, if any of these hormones is added to respiring mitochondria in vitro, the uncoupling
effect cfn be registered as increasing the rate of respiration and reducing the P:0 (ADP:0) ratio.
However, this effect is observed only at concentrations several orders of magnitude higher than
the physiological level of these hormones in the blood. As has now been clarified, their
uncoupling effect observed in vivo is not direct but is mediated through several factors.
Catecholamines, as well as thyroid hormones acting through the synthesis of catecholamines,
activate hormone-sensitive adipocyte triglyceride lipase. This effect is accompanied by an
increase in the concentration of fatty acids in the blood, which, in turn, have an indirect
uncoupling effect mediated by UCP proteins. On the other hand, catecholamines are able to
activate the expression of the UCP1 gene through a cascade mechanism that includes cAMP,
protein kinase A, p38 kinase, and transcription factors of this gene [24,25]. Based on these data,
it is possible to understand why chronic stress or hyperthyroidism result in body mass loss.
Relatively recently, it was found that bile acids are the most important regulators of OP coupling
[26-29]. The detergent uncoupling effect of bile acids observed in vitro cannot be manifested
in vivo, since the concentration of bile acids in biological fluids and tissues is very low.

Moreover, bile acids circulating in the bloodstream are mainly associated with albumin.
Primary bile acids (cholic and chenodeoxycholic) are synthesized in the liver from cholesterol,
secreted into the biliary system and enter the small intestine. It is well known that bile acids
are amphiphilic surfactants that act as dietary fat emulsifiers, pancreatic lipase activators, and
stabilizers of complex micelles consisting of lipid digestion products, cholesterol, fat-soluble
vitamins, and other substances. In addition, bile acids are involved in the elimination of toxic
substances and xenobiotics from the body [30]. The gut microbiome transforms bile acids with
chemical modification, mainly reduction with the formation of deoxy forms [31]. A part of the
bile acids can be reabsorbed and circulate withn the enterohepatic cycle. When returning to the
liver, bile acids undergo conjugation with glycine and taurine [32]. In this case, a small
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proportion of bile acids can enter the systemic circulation. As it turned out in recent years, these
bile acids have the functions of steroid hormones that can bind to a number of specific tissue
receptors [33, 34]. The secondary bile acids that are dehydroxylated by the enzymes of
intestinal bacteria and are the strongest signaling molecules [35]. The main receptors for bile
acids are:

e G protein-coupled membrane receptors (TGR5, also known as GPBAR1, M-BAR and

BG37),

e nuclear receptors such as the farnesoid X receptor (FXR),

e vitamin D receptor,

e pregnane-X-receptor and a number of others [36, 37].

What responses arise as a result of the interaction of bile acids with these receptors? First of
all, this is an increase in nonspecific energy expenditure of the body as a result of mild
uncoupling of oxidative phosphorylation [38, 39]. The hormonal signal from bile acids leads to
the induction of UCP1 in brown adipocytes. The consequence of this is an increase in energy
expenditure and a decrease in fat reserves in white adipose tissue [40]. In general, the
regulatory effects of bile acids, shown in Fig. 2 can be characterized as preventing the
development of obesity, type 2 diabetes mellitus, metabolic syndrome, and inflammation of
adipose tissue, usually recorded in obesity [26, 33].

Bile acids
. . imulati ff i
Mild uncoupling Stimulation of fatty acid
(USP protein expression) beta oxidation
Activation of browning and Increase in insulin sensitivity
beigeing of adipocytes
Stimulation of non- Immunoregulatory and
shivering thermogenesis
anti-inflammatory effect
L |
Inhibition of lipogenesis and VLDL
synthesis (anti-atherogenic effect)
|

Fig. 2: Main regulatory effects of bile acids
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EXOGENOUS SUBSTANCES THAT INDUCE MILD UNCOUPLING OF OXIDATIVE
PHOSPHORYLATION

Natural food products contain a number of substances that can cause the activation of
thermogenesis and a decrease in the level of free radicals as a result of the mild uncoupling of
OP. These substances include long chain polyunsaturated fatty acids. The metabolic effects and
mechanism of the regulatory effect of dietary fatty acids are no different from those of
endogenous fatty acids presented in Section 3 above. Other food components, mainly of plant
origin, include a group of polyphenols called bioflavonoids (Table 2). These substances have
several phenolic rings in their structure; therefore, it could be assumed that their thermogenic
and antiradical action is a consequence of a direct uncoupling effect on mitochondria [41, 42].
However, it has been clearly shown in many scientific publications that their uncoupling effect
is still mostly not direct, but includes either the induction of uncoupling proteins (UCP) or is
aimed at changing the nature of differentiation of preadipocytes towards brown forms of
adipose tissue cells [44, 45, 46,47].
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Table 2: The most common bioflavonoids, inducing mild uncoupling OP
Substance Structure Foodstuffs Reference

cocoa beans, apples,
grape seeds, red
wines [43]

Flavenol (catechin)

Flavanone citrus fruits

(naringenin) ! O * [47]
0.

Flavonol (Quercetin) Flavonol [48]

(Quercetin)

Chamomile, parsley,

Flavon onion, grapefruit, | [49]
(apigenin) oranges
I[soflavone (genistein) Soya beans [45]

Of the group of non-flavonoid polyphenols with a mild uncoupling effect, resveratrol should be
noted. [t is present in the roots of white hellebore (Veratrum grandiflorum) and in various food
products such as grapes, berries, red wine and nuts [51]. Retinoids (vitamin A derivatives) and
carotenoids ([3-carotene and its analogues) have a similar effect (Table 3). Due to their mild
uncoupling effect, these substances and foodstuffs containing them can be used to prevent
obesity and cardiovascular diseases [55].
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Table 3: Vitamin A derivatives inducing mild OP uncoupling

Substance Structure Foodstuffs Reference
Retinol and G CHy CHy CH @ Fish oil, liver, dairies
Retinoic acid N P “om

/| [51,52]

Vegetables and fruits

[B-carotene that are orange-red in
color [54]

o | Vegetables and fruits

Astaxanthin H that are orange-red in

color [53]

YYYYVYYYYN

0

HC oy O Chy i

‘ | o | brown algae [54]
. \\ \\\ \\\‘(\\c Vi
Fucoxanthin /OO \ VN o
HO'

.0 O
Chy n:cm N

In 2014, a group of scientists from the Fukushima Medical University (Janonia) isolated a new
effective uncoupling agent from slime mold (Dictyostelium discoideum) cells [55]. This
substance with the abbreviation Ppc-1 is a substituted nitrogen-containing heterocycle with
the following structure (Fig. 3):

Fig. 3: Structure of Ppc-1

According to the results of the authors' studies, Ppc-1 stimulated oxygen consumption in
mitochondria without an inhibitory effect on ATP production. Administration of Ppc-1 to mice
inhibited weight gain with no apparent side effects. The level of free fatty acids in the serum of
animals treated with Ppc-1 increased significantly while the body fat content was relatively low.
Ppc-1 stimulated cultured adipocytes by releasing fatty acids into the incubation medium,
which, according to the authors, may be due to an increase in serum fatty acid levels in mice
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treated with Ppc-1. It is proposed that Ppc-1 is a unique uncoupling agent useful as a molecular
probe for research and possibly a promising agent for the treatment of obesity.

ARTIFICIALLY SYNTHESIZED SOFT UNCOUPLERS

Attempts to create mild uncouplers for the prevention and treatment of obesity, cardiovascular,
endocrine and oncological diseases by artificial synthesis have been repeatedly undertaken by
many researchers over the past 20 years. They were based on the principle of covalent binding
of some lipophilic cation penetrating into mitochondria with a substance with protonophor
properties. Rhodamine, natural and synthetic mitochondria-targeted peptides, and
nanoparticles with desired characteristics were used as penetrating cations. However,
alkylated triphenylphosphonium became the most popular as a lipophilic penetrating cation
[56, 57, 58]. It was not always possible to obtain the desired effect of mild uncoupling. So in the
laboratory of Michael Murphy, 2,4-DNP was combined with the triphenylphosphonium cation.
However, the attempt was unsuccessful, since the uncoupling effect of DNP was completely lost
due to the impossibility of removing the dissociated form of DNP from the mitochondrial matrix
[59]. The most effective mild uncouplers based on triphenylphosphonium were obtained in the
laboratory of V.P. Skulachev. They received the official name "Skulachev ions" (SkQ). For
example, the SkQ1 ion was synthesized based on decyltriphenylphosphonium and
plastoquinone [60]. The structure of this penetrating ion is shown in Fig. 4.
Triphenylphosphonium imparts the properties of a penetrating cation to this ion, and
plastoquinone (a plant analogue of the animal ubiquinone) determines the high degree of
specificity of SkQ1 binding with the mitochondria of human and animal tissue cells.

OH
H3C

5

OH

Fig. 4: Structure of the SkQ1 ion

The property of Skulachev ions to soft uncoupling OPs and reduce the level of ROS in
mitochondria determines the ability of these ions to prolong the life of experimental animals,
plants, fungi, insects, and mammals, as well as to inhibit the development of aging
manifestations. and pathological conditions that have a causal relationship with the aging of the
body [ 61]. Skulachev ions have a pronounced nephro- and neuroprotective effect [62, 63]. In
recent years, the first drugs based on Skulachev ions have been developed, clinically tested and
introduced into practical healthcare. These drugs are used to treat eye diseases [64], wounds,
and skin burns [65].

PHYSIOLOGICAL ACTIVATORS OF MILD UNCOUPLING
Mild uncoupling of OP is effectively induced by mechanical loading of animal and human muscle
tissue. The uncoupling effect is observed in both white and brown adipose tissue. Therefore, in

Services for Science and Education - United Kingdom 140



Zagoskin, P. P., & Erlykina, E. I. (2022). Mild Uncoupling of Oxidative Phosphorylation and Prospects of Its Use in Medicine (Review). British Journal
of Healthcare and Medical Research, 9(4). 131-145.

accordance with modern concepts, the effect of physical training on weight loss is associated
not only with the energy consumption of the muscle tissue itself, but also with the restructuring
of adipose tissue. Systematic muscle training activates the differentiation of preadipocytes
towards brown adipocytes (adipocyte browning), and thus increases the breakdown of fat with
the expenditure of energy for heat production in the body [66, 67, 68]. Adipocyte browning
activation can also be increased by exposure to cold [69]. It has been established that
thermogenesis not associated with shivering can be mediated by the recently identified
transcriptional activator Zfp516, which stimulates the transcription of the UCP1 gene in
adipocytes. It has been suggested that this activator can be used therapeutically for the
treatment of obesity [70].

CONCLUSION

This review summarizes information about the chemical structure of substances that can either
directly change the OP coupling by different mechanisms of mild uncoupling or induce this
effect through appropriate mediating mechanisms. Mild uncouplers increase the body's
nonspecific energy expenditure (thermogenesis) and reduce the production of free radicals in
the mitochondria of body tissues. Excessive production of free radicals, the inadequately high
level of lipid peroxidation, the development of oxidative stress are the most important elements
in the pathogenesis of a number of very common forms of pathology. Therefore it can be
assumed that that mild uncouplers will be used as drugs for the prevention and treatment of
many pathological states in the very near future (Fig. 5) [71-76].

Myocardial
infarction,
stroke,
cardiovascular

Neurodegenerative Obesity
diseases

Mild
uncouplers

Inflammatory
pathology

Malignant tumors Diabetes mellitus

Fig. 5: Prospects on use mild uncouplers as medicines
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The prospect of using soft uncouplers seems to be especially important for the prevention and
treatment of cardiac pathology, since the heart consumes more oxygen than any other organ of
the body per unit mass. Mitochondria of cardiomyocytes occupy 25% of the volume of these
cells, and OF is practically the only way of ATP synthesis. Myocardial ischemia, which develops
with heart attack and angina pectoris, sharply increases the level of free radicals in the
mitochondria of cardiomyocytes. Therefore, gentle uncoupling contributes to the elimination
of oxidative stress. The catchphrase “uncoupling to survive” that has become popular reflects
the essence of this approach to the treatment of heart diseases [77].
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