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Abstrakt

Poruchy nalady jsou zavazna onemocnéni, ptesto jejich patofyziologie nebyla dostate¢né
objasnéna. Biologické markery, které by zlepsily diagnostiku onemocnéni nebo predikci Gspésné
farmakoterapie, jsou hledany. Cilem prace bylo zjistit, zda jsou vybrané mitochondrialni funkce
ovlivnény antidepresivy, stabilizatory nalady a depresivni poruchou. Vyzkum vychazi z hypotéz
poruch nalady a mechanisma GC€inkli antidepresiv, ze zdokonalené monoaminové hypotézy,
neurotrofni hypotézy a hypotézy o mitochondrialni dysfunkci. Narusena funkce mitochondrii
vede k poskozeni neuront, které miize souviset se vznikem poruch nalady. U¢inky antidepresiv a
stabilizatord nalady na mitochondrialni funkce mohou byt vztazeny k jejich terapeutickym ¢i
vedlej$im ucinkim.

Byly meéfeny ucinky farmakologicky odliSnych antidepresiv a stabilizatorii ndlady na
mitochondrie izolované ze zvifecich mozki (in vitro model). Aktivita izoforem
monoaminooxidasy (MAQO) byla stanovena radiochemicky, aktivity dalSich mitochondrialnich
enzymu spektrofotometricky. Celkova aktivita systému oxidacni fosforylace byla urcena
respirometrii s vysokym rozlisenim. Metody byly modifikovany pro méfeni stejnych parametra
Vv krevnich destickach u pacientd s depresivni epizodou a u zdravych kontrol.

Vsechna testovand antidepresiva inhibovala aktivitu MAO, lisila se rozdilnou inhibiéni
ucéinnosti, typem inhibice a specificitou pro izoformy MAO. Stabilizatory nalady aktivitu MAO
neovliviiovaly. VSechny testované latky zvySily nebo neovlivnily aktivitu citratsyntasy (CS).
Aktivita komplexti elektronového transportniho fetézce (ETC) byla snizena, nejvyraznéji u
komplexti I a IV. Respiraéni rychlost byla testovanymi antidepresivy pii vyssich koncentracich
inhibovana, stabilizatory nalady, olanzapin a ketamin ji téméf neovliviiovaly.

Fyziologicka respirace v desti¢kach depresivnich pacientti se neliSila od kontrol; ke sniZeni
doslo po 1é¢bé antidepresivy. Maximalni kapacita ETC byla snizena u depresivnich pacientd pred
i po 1écb¢ antidepresivy. Pomér fyziologické respirace k maximalni kapacité respirace byl
vyznamné zvySen pred 1€cbou.

Utinky antidepresiv a stabilizatorti nalady zahrnuji vyrazné zmény aktivity mitochondrialnich
enzymul. Nejvice byly ovlivnény MAO, citratsyntasa, komplexy I a IV a respiracni rychlost
mitochondrii. Tyto mitochondrialni parametry lze proto dale testovat jako potencialni biologické
markery poruch nélady, cile nové vyvijenych antidepresiv nebo prediktory ucCinnosti

farmakologické 1€¢by.



Abstract

Mood disorders are serious diseases. Nevertheless, their pathophysiology is not sufficiently
clarified. Biological markers that would facilitate the diagnosis or successful prediction of
pharmacotherapy are still being sought. The aim of the study was to find out whether
mitochondrial functions are affected by antidepressants, mood stabilizers and depression. Our
research is based on recent hypotheses of mood disorders, the advanced monoamine hypothesis,
the neurotrophic hypothesis, and the mitochondrial dysfunction hypothesis. We assume that
impaired function of mitochondria leads to neuronal damage and can be related to the origin of
mood disorders. Effects of antidepressants and mood stabilizers on mitochondrial functions can
be related to their therapeutic or side effects.

In vitro effects of pharmacologically different antidepressants and mood stabilizers on the
activities of mitochondrial enzymes were measured in mitochondria isolated from pig brains (in
vitro model). Activity of monoamine oxidase (MAQ) isoforms was determined radiochemically,
activities of other mitochondrial enzymes were measured spectrophotometrically. Overall activity
of the system of oxidative phosphorylation was measured electrochemically using high-resolution
respirometry. Methods were modified to measure the same parameters in blood platelets of
patients with depressive episode and healthy controls.

Though all antidepressants tested inhibited MAO activity, they differed in inhibitory potency,
type of inhibition, and specificity for two isoforms. Mood stabilizers did not affect MAO. All
drugs tested increased or left citrate synthase (CS) activity unchanged. Activity of electron
transport chain (ETC) complexes was decreased. The most affected were complexes | and V.
While respiratory rate of mitochondria was inhibited at higher concentrations of antidepressants,
it was not affected by mood stabilizers, olanzapine and ketamine.

Physiological respiration in the blood platelets of depressive patients did not differ from
controls; decrease was observed after treatment with antidepressants. Maximal capacity of ETC
was decreased both before and after treatment with antidepressants. Ratio of physiological
respiration to maximal capacity was significantly increased before the treatment.

Effects of antidepressants and mood stabilizers are comprised of marked changes in
mitochondrial functions. MAO, CS, complexes | and IV, and respiratory rate of mitochondria
were the most affected and are suggested as candidates in searching of new biological markers of
mood disorders, targets of new antidepressants or predictors of response to pharmacotherapy.



1. Introduction

Depression is a serious mental disorder manifested by depressed mood, pessimistic thoughts,
feelings of worthlessness, feelings of guilt, tearfulness, reduced or increased sleep, appetite loss
or appetite disturbance, weight loss or weight gain, social restlessness, loss of interest, difficulty
concentrating. Mania is characterized by abnormally elevated or irritable mood, arousal, and/or
energy levels. Bipolar disorder features intermittent episodes of mania or hypomania and
depressive episodes; rapid cycling; mixed states; and psychotic symptoms, occurring in some
cases. Depression and mania are thought to be heterogeneous illnesses that can result from
dysfunction of several neurotransmitters or metabolic systems.

The estimated lifetime prevalence of mood disorders varies from 3.3 to 21.4 % in several
countries (Kessler et al., 2007). The World Health Organization currently ranks depression as the
leading cause of disability as measured by YLDs (Years Lived with Disability) and the 4th
leading contributor to the global burden of disease (Disability Adjusted Life Years, DALYS) in
2000. By the year 2020, depression is projected to reach the 2nd place of the ranking of DALY
(World Health Organization Web site: Depression. http://www.who.int/mental_health/
management/depression/definition/en/). The predisposition to the disease is determined by
genetic, psychosocial and biological factors; individual sensitivity to depressogenic effects during
stressful life events is also a contributing factor. Pathophysiology of mood disorders is not
sufficiently elucidated and about 1/3 of patients do not response to pharmacotherapy sufficiently.
The exact molecular site and the primary cause of signal transduction disturbance associated with
the symptoms of depression or mania are still unknown.

Recently, attention in the research of biological basis of mood disorders has been devoted to
an overlapping set of molecular and cellular mechanisms of mood disorders, antidepressant
response, neuroplasticity, and chronic stress (Pittenger and Duman, 2008), e.g. to changes in
neuroprogression, inflammatory and cell-mediated immune response, antioxidant capacity,
oxidative and nitrosative stress, and mitochondrial functions (Maes et al., 2012). Therefore,
changes in the activities of compounds of these intracellular signalling pathways are studied with
the aim of discovering new biological markers of mood disorders or predictors of response to
antidepressant treatment (FiSar and Raboch, 2008; Fisar and Hroudova, 2010b). Mitochondrial

dysfunctions are assuming an increasingly important role in hypotheses of mood disorders,
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bipolar disorder mainly. Recently discussed biological hypotheses of mood disorders include the
neurotrophic and neuroplasticity hypothesis of depression (Duman et al., 1997; Duman, 2002;
Zarate et al., 2006; Einat and Manji, 2006; Pittenger and Duman, 2008) and the mitochondrial
hypothesis (Stork and Renshaw, 2005; Kato, 2008; Quiroz et al., 2008).

It is well-known that mitochondria strongly affect many intracellular processes coupled to
signal transduction, neuron survival and plasticity. Impaired mitochondrial functions manifest
themselves in various ways, they may be related to many psychiatric and neurodegenerative
diseases, including bipolar disorder, major depressive disorder, schizophrenia, psychosis and
anxiety (Shao et al., 2008; Rezin et al., 2009; Jou et al., 2009; Orth and Schapira, 2001; Schapira,
2012). Impaired functions of mitochondria can be assessed both in isolated mitochondria and in
intact or permeabilized cells. Better insight into molecular mechanisms of cellular respiration,
control of oxidative phosphorylation (OXPHOS) and effects of antidepressants and mood
stabilizers on these processes is likely to lead to a better understanding of pathophysiology of
neuropsychiatric disorders.

1.1 Mitochondria

Mitochondria are small cellular structures consisting of an outer and inner membrane, an
intermembrane space and an intracellular matrix. The outer membrane covers the organelle, the
inner membrane folds and forms cristae. This settlement extends the surface and enables plenty
of chemical reactions. In the mitochondrial matrix, the enzymes of the tricarboxylic acid cycle
(TCA, also called citric acid cycle or Krebs cycle) are localized. It is the central pathway of
metabolism; its main function is oxidation of acetyl-CoA derived from carbohydrates, amino
acids and fatty acids (FAs). The TCA is organized into a supramolecular complex that enables
interaction with mitochondrial membranes and the electron transport chain (ETC) in OXPHOS
(Vélot and Srere, 2000). Most of the TCA enzymes provide other additional “moonlighting”
functions, e.g. they stabilize the mitochondrial DNA (mtDNA) or are associated with
mitochondrial RNA (mtRNA) translation, oxidative stress, iron metabolism and tumour
suppression (Sriram et al., 2005).

In addition to their crucial role in generation of adenosine-5’- triphosphate (ATP),

mitochondria are involved in other important processes, such as regulation of free radicals,
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neurotransmitters, calcium, and apoptosis. They are also involved in neuronal development -
synaptogenesis, synaptic development and plasticity. Impaired function of mitochondria leads to
impaired bioenergetics, decrease of ATP production, impaired calcium homeostasis, increased
production of free radicals and oxidative stress (FiSar and Hroudova, 2010a; Hroudova and Fisar,
2011). Furthermore, monoamine oxidase (MAO), the enzyme responsible for the metabolism of
monoamine neurotransmitters, is localized in the external mitochondrial membrane.

Mitochondrial proteins are encoded by both nuclear and mitochondrial DNA. All 13
polypeptides encoded by mtDNA form subunits of respiratory chain complexes I, Ill, IV and V
(Scheffler, 1998; Muller et al., 2005). Furthermore, the mitochondrial genome encodes transfer
RNA (tRNA) and ribosomal RNA (rRNA) used for RNA translation (Reinecke et al., 2009).
Complex 1l is encoded only by nuclear DNA (nDNA). OXPHOS is under the control of the
nuclear genome as well as the mitochondrial genome, which is only maternally inherited.
Nevertheless, the dominant role in the regulation of mitochondrial activity has a nucleus; nuclear-
encoded transcript factors control the activity of the mitochondrial genome and coordinate the
expression of nuclear and mitochondrial genes to mitochondrial proteins (Cannino et al., 2007,
Reinecke et al., 2009).

Genetic defects or stress can cause mitochondrial dysfunctions, which leads to increased
oxidative stress and/or altered calcium homeostasis (Hovatta et al., 2010). An excess of glutamate
in the synapse (Moghaddam, 2002) leads to an excess of cytosolic calcium, which produces
overactivity of calcium-dependent enzymes and an overload of mitochondria by calcium; it leads
to cytoskeletal degradation, protein malformation, decrease of ATP production and increase of
oxygen radical generation. These processes can lead to atrophy or death of neurons (Atlante et
al.,, 2001; Lipton, 1999). Different impulsions, such as hypoxia-ischemia, seizure and
hypoglycemia, all activate this pathway. Thus, enhancing mitochondrial function may represent a

critical component for the optimal treatment of stress-related diseases (Quiroz et al., 2008).

Eukaryotes synthetize ATP mainly by glycolysis in the cytosol and by OXPHOS in the
mitochondria; i.e. the majority of cellular ATP is generated by glycolytic degradation of glucose
to pyruvate in cytosol followed by aerobic cellular respiration. When pyruvate is converted to
acetyl coenzyme A (acetyl-CoA), acetyl-CoA enters the TCA cycle and the result of this process
is ATP production by OXPHOS in mitochondria (Ludwig et al., 2001). OXPHOS yields about 17
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times more ATP than glycolysis. Therefore, it is considered as the main energy source and a key
element of bioenergetics (Gnaiger, 2009; Kadenbach et al., 2010). Integration of main metabolic
pathways coupled to OXPHOS is illustrated in Fig. 1.

The highest number of mitochondria is present in organs demanding the most energy - brain,
liver and muscles. Neurons usually utilize glucose as a source of energy. Since the brain stores
only a very small amount of glycogen, it needs a steady supply of glucose. Neurons are known to
have a lower glycolytic rate than astrocytes and when stressed they are unable to upregulate
glycolysis. Following inhibition of mitochondrial respiration, neurons die rapidly, whereas
astrocytes utilize glycolytically generated ATP. Glucose metabolism in neurons is directed
mainly to the pentose phosphate pathway, leading to regeneration of reduced glutathione, which
probably supports antioxidant controlled neuron survival (Bolafios et al., 2010). The regulative
processes of OXPHOS are tightly related to reactive oxygen species (ROS) production, integrity
of mitochondrial membranes, apoptosis, and intramitochondrial Ca®" levels. Although this is
known, the control mechanisms have not yet been sufficiently investigated.

glucose

cytoplasmic membrane

sNNRBd GLUT ""‘W’M""'Ww, :

»

glucose
glycogent=s | = @ NADPH

fatty acids
l lactate | = NAD* fatty acids
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iti " a— cytosol

pyruvate\ amv uttle
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Fig. 1 Integration of metabolic pathways. Glucose is transported over a plasma membrane by a glucose
transporter (GLUT) and is metabolized to pyruvate by glycolysis. Pyruvate is converted to acetyl-coenzyme A
(acetyl-CoA) in the mitochondria, where it is oxidized to CO, through the citric acid cycle; redox energy is
conserved as reduced nicotinamide adenine dinucleotide (NADH). The Mitochondrial respiratory chain couples
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NADH oxidation to the formation of the electrochemical proton gradient across the inner mitochondrial membrane,
which is used to form ATP. ATP produced from OXPHOS is transported from the mitochondrial matrix to the
cytoplasm by the adenine nucleotide translocator (ANT). Glucose may be stored as glycogen. Fatty acids (FAs) and
amino acids can also be bioenergetics precursors; however, glucose is considered to be the only metabolic substrate
in the brain. Glucose can also be metabolized via the pentose phosphate pathway (PPP), a process that generates
pentoses and that is the most important cytosolic source of reduced nicotinamide adenine dinucleotide phosphate
(NADPH), a cofactor for biosynthetic reactions and the oxidation-reduction involved in protecting against the
oxidative stress, e.g. for FA biosynthesis or regeneration of reduced glutathione. During activation the brain may
transiently turn to aerobic glycolysis occurring in astrocytes, followed by the oxidation of lactate by neurons
(Magistretti and Pellerin, 1999; Bolafios et al., 2010). Monocarboxylate transporters (MCTs) carry lactate or
pyruvate across biological membranes; lactate dehydrogenase (LDH) catalyzes the interconversion of pyruvate and
lactate with concomitant interconversion of NADH and NAD".

1.1.1 Physiology of oxidative phosphorylation

The respiratory chain is localized in cristae, structures formed by the inner mitochondrial
membrane and extending to the surface (Vonck and Schafer, 2009). ETC consists of complexes
with supramolecular organization, where mitochondrial proton pumps (complexes I, 11l and 1V)
transport protons and generate a proton gradient (Bunoust et al., 2005; Kadenbach et al., 2010).
Continuously, electrons are transported to complex Il and finally complex IV enables the
conversion of O, to H,O. Most of the ATP synthesis comes from the electrochemical gradient
across the inner membranes of mitochondria by ATP synthase (complex V). The CoQ cofactor is
responsible for transferring electrons from complexes | and Il to complex IlI; the second
important cofactor is cytochrome c (cyt ¢), which transfers electrons from complex 111 to complex
IV (Solmaz and Hunte, 2008). Both cofactors modulate energy and free radical production
(Rodriguez-Hernandez et al., 2009; Mattson et al., 2008). Processes in the inner mitochondrial
membrane are depicted in Fig. 2.

Energy saved in ATP is used in synaptic ion homeostasis and phosphorylation reactions. ATP
is essential for the excitability and survival of neurons, OXPHOS is involved in synaptic
signalling and is related to changes of neuronal structure and function. Therefore, mitochondria
are included in neurotransmitter exocytosis, in recovery, and in ion homeostasis, and in

presynaptic nerve terminals.
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Fig. 2 Representation of processes in the inner mitochondrial membrane. ETC consists of I - IV
complexes that transfer electrons, pump protons outwardly, and create proton motive force (4p). Complex | catalyzes
oxidation of nicotinamide adenine dinucleotide (NADH), complex Il oxidizes succinate to fumarate. CoQ as a
cofactor accepts electrons from complexes | and 1, and carries them to complex I11; the second mobile carrier cyt ¢
move electrons from complex 111 to complex IV (COX), where O, is finally reduced to water. The proton gradient is
primarily consumed by FoF; ATP synthase for ATP synthesis from ADP and inorganic phosphate P;. Secondary
consumers causing decreased 4p are uncoupling proteins (UCPs), they response to heat production, proton leak is
mediated e.g. by FAs. Transport of ADP and ATP across the membrane is enabled by adenine nucleotide
translocator (ANT); mitochondrial phosphate carrier protein (PC) catalyzes movement of P; into the mitochondrial
matrix. Simultaneously, electron transport is accompanied by generation of reactive oxygen species (ROS), the
highest amount of superoxide (O,") is formed by complexes I and Ill. O, can be further transformed by manganese
superoxide dismutase (Mn-SOD) to H,0,, or can react with nitric oxide (NO) to form peroxynitrite (ONOO"). O,”
production leads to increased mitochondrial conductance through UCPs.

Citric acid cycle enzymes, oxidative phosphorylation enzymes and MAO are key mitochondrial
enzymes studied in molecular psychiatry.

Citric acid cycle enzymes
Citrate synthase (EC 2.3.3.1, CS) catalyzes the condensation of acetyl CoA and oxalacetate to
form citrate. It is the rate-limiting enzyme, controlling the flux of the TCA cycle, and plays a

decisive role in regulating energy generation of mitochondrial respiration. Its activity is regulated

by matrix phosphorylation potential, NAD*/NADH ratio, and derivatives of fatty acids (Kispal et
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al., 1989). It is used as quantitative marker for the presence of intact mitochondria (Scaini et al.,
2010).

Succinate dehydrogenase (EC 1.3.99.1, SDH) is a reliable marker of the mitochondrial
capability to supply an adequate amount of ATP (Scaini et al., 2010). SDH includes covalently
attached flavin adenine dinucleotide (FAD) cofactor. In TCA cycle, it oxidizes succinate to
fumarate along with reduction of FAD to FADH,. In OXPHQS, electrons from FADH, are

tunnelled and transferred to CoQ.

Oxidative phosphorylation enzymes

Complex I (EC 1.6.5.3, NADH:ubiquinone oxidoreductase, NADH dehydrogenase, NADH-
ubiquinone oxidoreductase) is a crucial point of respiration. It catalyzes oxidation of reduced
nicotinamide adenine dinucleotide (NADH), thus, regenerates NAD" for the TCA cycle and FAs
oxidation, and reduces coenzyme Q1o (ubiquinone, CoQ) to ubiquinol (Hirst, 2009). Four protons
are pumped from the matrix into the intermembrane space during electron passing through the
complex I. Complex I is also a rate-limiting enzyme for oxygen consumption in the synapses
(Telford et al., 2009).

Complex 1l (EC 1.3.5.1, succinate:ubiquinone oxidoreductase, succinate dehydrogenase
(ubiquinone)) is the side entry into ETC, directly involved in the TCA cycle. It is a 4 subunit
membrane-bound lipoprotein, which couples the oxidation of succinate to the reduction of CoQ
(Tomitsuka et al., 2009). Complex Il does not contribute to the proton gradient. Hence, complex
I1 subunits are encoded only by nDNA, complex Il is suspected to normalize the activity of ETC,
when mtDNA defects are suspected (Saada et al., 2001).

Complex 111 (EC 1.10.2.2, ubiquinol:ferricytochrome-c oxidoreductase, CoQ-cytochrome ¢
reductase) consists of two centers, Q; center - facing to matrix; and Q, center - oriented to
intermembrane space (Chen et al., 2003). Complex Il catalyzes the oxidation of one molecule of
ubiquinol and the reduction of two molecules of cytochrome c. Reaction mechanism of complex
Il occurs in two steps called the Q cycle (Trumpower, 1990). In the process of Q cycle four
protons are released into the inter membrane space.

Complex IV (EC 1.9.3.1, ferrocytochrome-c:oxygen oxidoreductase, cytochrome c oxidase,
COX) enables the terminal reduction of O, to H,0O, retains all partially reduced intermediates
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until full reduction is achieved (Turrens, 2003). The complex IV mediates pumping of 4 protons
across the membrane. Previously, it was suggested as an endogenous metabolic marker for
neuronal activity (Wong-Riley, 1989).

Complex V (EC 3.6.3.14, ATP synthase, FoF1-ATPase) consists of two regions: 1. F; portion is
soluble domain with three nucleotide binding sites, it is localized above the inner side of the
membrane and stably connected with F, domain; 2. F, portion is proton pore embedded in the
membrane, it consists of three subunits and spans the membrane from the inner to the outer side
(Noji and Yoshida, 2001; Zanotti et al., 2009). This formation enables the conversion of
electrochemical potential energy to chemical energy - a portion of the F, rotates as the protons
pass through the membrane and forces F; as motor to synthetize ATP (Kadenbach, 2003; Noji
and Yoshida, 2001).

Monoamine oxidase

Monoamine oxidase (MAO, EC 1.4.3.4) is located in the outer mitochondrial membrane and
catalyses the oxidative deamination of amine neurotransmitters as well as xenobiotic amines. It
regulates the metabolic degradation of catecholamines and serotonin (5-hydroxytryptamin, 5-HT)
in neural and other target tissues. A major physiological role of intraneuronal MAO is to keep
cytosolic monoamine concentrations very low. This membrane-bound enzyme is a flavoprotein,
which use FAD as cofactor. The cofactor was identified as the site, where irreversible inhibitors
of MAO are covalently linked (Youdim et al., 2006; Youdim and Bakhle, 2006). It exists in two
isoforms MAO-A and MAO-B, they differ in substrate preference, inhibitory specificity, tissue
and cell distribution, and in immunological properties (Bach et al., 1988). MAO-A metabolizes
5-HT and is sensitive to inhibition by low concentrations of clorgyline, whereas MAO-B prefers
benzylamine or 2-phenylethylamine (PEA) as substrate and is sensitive to inhibition by low
concentrations of I-deprenyl. Tyramine, tryptamine, dopamine, norepinephrine (NE) and
epinephrine are equally well oxidized by both isoforms of MAO (Youdim et al., 2006). The high
levels of both forms are found in the brain; MAO-B is found in dopamine-secreting neurons in
the brain.

Monoamine metabolism by MAO involves oxidative deamination to corresponding aldehyde
and free amine. Catalysis in MAO depends on the transfer of electrons to FAD, and mechanism-
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based inhibitors, such as the irreversible antidepressants, modify flavin (Ramsay and Gravestock,
2003). The aldehyde is rapidly metabolized by aldehyde dehydrogenase to acidic metabolites.
Metabolism of monoamines by MAO is a major source of hydrogen peroxide (H20,) in the brain.
Normally the H,O, is then inactivated by glutathione peroxidase but it can be converted,
chemically, by Fe?* ions (Fenton reaction) into the highly reactive hydroxyl radical. This radical
has widespread deleterious effects which can cause neuronal damage and death and may account
for associated health-related problems (Youdim and Bakhle, 2006; Naoi et al., 2006).

MAOs have important role in brain development and function, and MAO inhibitors (MAQIs)
have a range of potential therapeutic uses (Ramsay and Gravestock, 2003). Generally, selective
inhibitors of MAO-A and nonselective MAOIs seem to be effective in the treatment of patients
with depression, panic disorder, and other anxiety disorders (Stahl and Felker, 2008). It is
supposed that MAO-B inhibition may slow the course of various neurodegenerative disorders; so,
selective inhibitors of MAO-B may be efficacious in treating of Parkinson’s disease (Horstink et
al., 2006) and possibly Alzheimer's disease (Riederer et al., 2004). MAO-B is the sole type in
human platelets and the amino acid sequences of MAO-B in both platelets and brain are identical
(Chen et al., 1993); so, platelet MAO can be adopted as a useful surrogate model for the study of
aspects of central neuronal function related to monoaminergic neurotransmission (Fisar and

Raboch, 2008).

1.1.2 Regulation of OXPHOS

There are five levels of OXPHOS regulation: 1. direct modulation of ETC kinetic parameters,
2. regulation of intrinsic efficiency of OXPHOS (by changes in proton conductance, in the P/O
ratio or in the channeling of ECT intermediate substrates), 3. mitochondrial network dynamics
(fusion, fission, motility, membrane lipid composition, swelling), 4. mitochondrial biogenesis and
degradation, 5. cellular and mitochondrial microenvironment (Benard et al., 2010).

OXPHOS efficiency is dependent on delivery of reducing equivalents into ETC and on
activities of participating enzymes or enzyme complexes. The optimal efficiency and flow ratios
are determined by control of complex I (reflects integrated cellular pathway) and complex II
(TCA cycle precedes) (Cairns et al., 1998). Depletion of TCA cycle intermediates plays an
important role in the OXPHOS flux control. In respirometry assays, supplies of complex | as well

as complex Il are required. Convergent electron input and reconstitution of the TCA cycle are
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needed to achieve maximal respiration (Gnaiger, 2009). It is controlled also by the availability of
adenosine 5"-diphosphate (ADP) for the adenine nucleotide transporter in the inner mitochondrial
membrane (Ramzan et al., 2010).

Complex 1 is suggested to be responsible for adaptive changes and physiological set up of
OXPHOQOS efficiency (Cocco et al., 2009). The stoichiometric efficiency of OXPHOS is defined
by the P/O ratio, or the amount of inorganic phosphate (P;) incorporated into ATP per amount of
consumed oxygen. P/O ratio was analysed in rat brain, liver and heart mitochondria. There were
found tissue-specific differences and dependency of the P/O ratio on the respiratory rates with
complex I, but not with complex Il substrates (Cocco et al., 2009). Metabolic control analysis,
which compared ETC activities and oxygen consumption rates, determined the role of complex |
in rat brain synaptosomes. Results of the study suggest complex | as rate-limiting for oxygen
consumption and responsible for high level of control over mitochondrial bioenergetics (Telford
et al., 2009).

As mentioned above, mitochondria exhibit transmembrane potential across the inner
membrane that is necessary for OXPHOS. Protons are transported outwardly and create proton
motive force (Ap), which consists of electrical part Ay, (negative inside) and chemical part ApH
(Mitchell, 1961; Mitchell, 1966). In mitochondria, the Ap is made up of the Awy mainly. The
Ay controls the ability of the mitochondria to generate ATP, generate ROS and sequester Ca*
entering the cell. The Ayn and ATP synthesis express a degree of coupling; optimal ATP
synthesis requires Aym, values between the range -100 mV and -150 mV. These values are
reached primarily by Ay, which maintain at higher values (about -200 mV) and by secondary
control mechanisms, which decrease the Awmto lower levels (Kadenbach, 2003).Changes of Ay
influence permeability of biological membranes and ROS production, Ayy above -150 mV leads
to exponentially increased permeability as well as O, and H,O, production (Kadenbach et al.,
2010). Similarly, mitochondrial membranes increase exponentially their permeability for protons
(Kadenbach, 2003). On the other hand, lower mitochondrial Ap and Ay (e.g. caused by
inhibition of respiratory chain) can result in hydrolysis of cytoplasmic ATP and slightly lower
potential than that generated by the respiratory chain (Nicholls et al., 2003). Therefore, Ay, is

precisely controlled and can be regulated by various parameters.
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ATP production is controlled by different mechanisms, depending on energy demands,
thermogenesis, etc. (Kadenbach, 2003). First mechanism of OXPHOS control has been called as
“respiratory control”, and is based on feedback mechanisms controlling the rate of ATP
synthesis, first of all by Ap and Ayp,. Higher levels of ADP in mitochondria lead to stimulation of
ATP synthase together with decrease of Ap. Originally, pilot studies of OXPHOS dynamics used
the terminology of respiratory steady states, described by Chance and Williams. Respiration was
characterized by respiratory states (Table 1), by active state 3 (ADP stimulated) and followed by
controlled state 4 (decrease after conversion of ADP to ATP) (Chance and Williams, 1956; Tager
et al., 1983). Decreased P/O ratio (caused mostly by increased Ap) leads to energy waste - proton
leak (slip in COX), the decrease in the coupling, and increased thermogenesis (Mourier et al.,
2010). However, conception of states had limited applicability in intact cells and in isolated
mitochondria, did not include for instance COX, adenine nucleotide transporter, and
extramitochondrial ATP/ADP ratio.

Table 1 Characterization of respiratory states (Chance and Williams, 1955; Gnaiger, 2009)

ADP  Substrate Respiration I_th_e-
imiting Relevance
level level rate
component
Low- Phosphate . .
State1 Low endogenous Slow acceptor Initial activity of the sample
1. Exhaustion of endogenous substrate
State 2 High Approaching Slow Substrate ut|I|zeq in OXPHOS of ADP _
zero 2. Residual oxygen consumption

(ROX)

1. OXPHOS capacity at saturating
ADP (State P)

2. Electron transfer system capacity at
optimum uncoupler concentration
(State 3u)

Respiratory

State 3 High High Fast chain

1. Exhaustion of added ADP

2. LEAK respiration (resting state
Phosphate  when oxygen flux is maintained
acceptor mainly to compensate for the proton

leak after inhibition of ATP synthesis)

(States 40, L)

State4 Low High Slow

1. Anoxia

State 5 High High Zero Oxygen 2. Antimycin A treatment
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Recently, primary control has been implemented by secondary control mechanisms that are Ap
independent (Kadenbach, 2003; Walsh et al., 2009). Mitochondrial Ca®* levels have been
included. (Kadenbach et al., 2000). Ca** transport was presumed to be important only in
buffering of cytosolic Ca®* by acting as sink under conditions of Ca*" overload. When the
cytoplasmic Ca®* level was overloaded, Ca®* accumulated in mitochondrial matrix and utilized
Aym (McCormack et al., 1990; Rizzuto et al., 2000; Nicholls et al., 2003). Nowadays it is
considered that Ca* regulates of activities of dehydrogenases via phosphorylation; ATP synthesis
is switched on by cAMP-dependent phosphorylation and switched-off by calcium induced
dephosphorylation (Lee et al., 2001; Ludwig et al., 2001).

In the TCA cycle, glycerophosphate dehydrogenase, pyruvate dehydrogenase, isocitrate
dehydrogenase, and o-ketoglutarate dehydrogenase are influenced by Ca?* levels and their
phosphorylation lead to increased ATP production, production of glycogen, and glucose
oxidation (Rizzuto et al., 2000). Reversible phosphorylation of pyruvate dehydrogenase complex
mediated by calcium partly regulates the supply of reducing equivalents (NADH/NAD™ ratio).
Activation of the TCA cycle enhances the NADH production that triggers movement of electrons
down complexes | through to complex 1V by initially donating of complex I (Viola and Hool,
2010).

Regulation of complex | and COX subunits via specific protein kinases and protein
phosphatases was observed. cAMP-dependent protein kinase catalyses phosphorylation of
complex | subunit and stimulate the ETC (Papa et al., 2002). At low Ca®* levels, protein
phosphatase dephosphorylates and inactivates complex I. It is presumed that COX is regulated by
allosteric inhibition of ATP at high ATP/ADP ratios (Kadenbach et al., 2010).
Extramitochondrial ATP/ADP ratios regulate COX activity by binding to the cytosolic subunit of
COX, whereas high mitochondrial ATP/ADP ratios cause exchange of ATP by ADP at COX and
induce allosteric inhibition (Napiwotzki and Kadenbach, 1998). Similarly, increased intracellular
Ca®* levels are suggested to activate mitochondrial phosphatase, which dephosphorylates COX
and turns off the allosteric inhibition (Lee et al., 2002). This respiratory control by
phosphorylated enzyme is assumed to keep the Ap low as prevention of increased Ap, which
leads to the slip of protons in COX and decreased H*/e” stoichiometry (Bender and Kadenbach,
2000; Arnold and Kadenbach, 1997). However, in isolated mitochondria high Ay, was measured
even with high ATP/ADP ratios. The decrease was measured after addition of
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phosphoenolpyruvate and pyruvate kinase and could be explained as reversal of gluconeogenetic
enzymes (Ramzan et al., 2010). Under the physiological conditions, allosteric inhibition is
modulated by increased Ca** levels, high substrate concentrations, and thyroid hormones. Ca®*
dependent dephosphorylation induced by hormones results in loss of respiratory control by the
ATP/ADP ratio and associated with the increased Ap and respiration (Bender and Kadenbach,
2000).

Thyroid hormone, mainly triiodothyronine (T3) and diiodothyronine (T2), has important
effects on mitochondrial energetics and mitochondrial genome (Cheng et al., 2010). Mechanism
of allosteric inhibition of COX has been closely linked to regulation by thyroid hormones. 3,5-
diiodothyronine (T2) mediates short term effects of thyroid hormones and increases immediately
basal metabolic rate. T2 is formed by intracellular deiodination of T3 and binds to specific T2
binding sites, which were identified in the inner mitochondrial membrane (Goglia et al., 1999).
This binding to subunit VVa of COX abolishes the allosteric inhibition of respiration by ATP
(Arnold et al., 1998) that could result in partial uncoupling of OXPHOS via increased Ay, and
continue to intrinsic uncoupling of COX by higher membrane potentials (Kadenbach, 2003).
Therefore, thyroid hormones enhance the proton permeability; hyperthyroidism stimulated
mitochondrial proton leak and ATP turnover in rat hepatocytes, where non-mitochondrial oxygen
consumption remained unchanged (Starkov, 1997; Harper and Brand, 1994). Oppositely, in rat
hypothyroid cells significant decrease of non-mitochondrial oxygen consumption and proton leak

were observed, ATP turnover was unaffected (Harper and Brand, 1993).
1.1.3 Proton permeability of membranes

OXPHOS in cells is not fully efficient. Decrease of the proton gradient across the inner

2

mitochondrial membrane by “proton leak™ causes uncoupling of fuel oxidation from ATP
generation, and some energy is lost as heat. The mechanism of the basal proton conductance of
mitochondria (insensitive to known activators and inhibitors) is not understood. There is
correlation between mitochondrial proton conductance and composition of inner membrane:
phospholipid fatty acyl polyunsaturation correlates positively and monounsaturation correlates

negatively with proton conductance (Brand et al., 2003).
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Uncoupling proteins (UCPs) and adenine nucleotide translocator (ANT) are two types of
mitochondrial carrier, which cause inhibitor-sensitive inducible proton conductance. UCPs
themselves do not contribute to the basal proton conductance of mitochondria; however, they are
important metabolic regulators in permitting fat oxidation and in attenuating free radical
production (Azzu et al., 2010). The amount of ANT present in the mitochondrial inner membrane
strongly affects the basal proton conductance of the membrane and suggests that ANT is a major

catalyst of the basal FA-independent proton leak in mitochondria (Brand et al., 2005).

Fatty acids

Long-chain fatty acids (FAS) are weak acids that can cross the membrane in both protonated
and deprotonated forms. Effects of FAs are interrelated to 1. increase uncoupling, 2. increase
ROS production, 3. opening mitochondrial permeability transition pores (MPTP) (Rial et al.,
2010). Further, they can modulate effects of thyroid hormones as well as sex steroid hormones
(Starkov, 1997). FAs can act as like classic OXPHOS uncouplers with protonophoric action on
the inner mitochondrial membrane and/or interactions of FAs with ADP carrier, COX and ATP
synthase are presumed (Wojtczak and Schonfeld, 1993). Recent study suggests that FAs are not
only inducers of uncoupling, but they also regulate this process. It supposes that transport of FA
anions participates in both ADP/ATP antiport and aspartate/glutamate antiport, at the same time
(Samartsev et al., 2011). On the other hand, studies using lipid membranes suppose that FAs are
capable of spontaneous flip-flop (Kleinfeld et al., 1997). Since FAs move across the membrane
spontaneously and rapidly, no protein transporters are necessary. Further, coupling/uncoupling
effects depend on their concentrations pH gradient across the membranes (Di Paola and Lorusso,
2006; Kamp and Hamilton, 1992).

Uncoupling proteins
Uncoupling diverts a significant proportion of energy to thermogenesis. UCPs are
mitochondrial carriers catalysing a regulated proton leak across the inner membrane (Hagen and

Vidal-Puig, 2002; Echtay et al., 2002). There are five types of UCP in mammals. UCP1 is

presented exclusively in the inner mitochondrial membrane of brown adipose tissue, and its main
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function is to catalyse adaptive thermogenesis (Brand et al., 2004). It can be stimulated by FA
and has synergic action of norepinephrine and thyroid hormones (Zaninovich, 2005; Kadenbach,
2003). Concentrations of UCP2 and UCP3 in tissues are much lower than of UCP1, and their
functions are not exactly known. They probably minimally contribute to basal metabolic rate,
control of adaptive thermogenesis, preventive action against oxidative stress and ROS control,
control of cellular energy balance, regulation of Ca** homeostasis, regulation of FA oxidation and
ATP synthesis (Douette and Sluse, 2006; Boss et al., 2000; Trenker et al., 2007; De Marchi et al.,
2011). UCP2, UCP4 and UCP5 are present in the central nervous system (CNS); they have been
suggested to have effects protecting neurons from the Ca** overload and/or oxidative stress (Liu
et al., 2006; Kwok et al., 2010).

UCP activities can be positively or negatively regulated by different factors. UCP are
stimulated by FA and by ROS, generated by as a side reaction between CoQ and oxygen
(Wolkow and Iser, 2006). UCP mediate the FA dependent proton influx that leads to uncoupled
ATP synthesis and heat production (Beck et al., 2007). It is supposed that UCP and FA decrease
Ay if it is sufficiently high.

1.1.4 Reactive oxygen species production

Reduction of O, to water by aerobic respiration is accompanied by reactive intermediate
formation. Generally, complex | and complex Il are considered as the major O, sources (Jezek
and Hlavata, 2004).

Complex | releases O, to matrix, complex Il can release O," to both sides of the inner
mitochondrial membrane (Muller et al., 2004). Additionally, other ROS sources, e.g. MAO,
present in the outer mitochondrial membrane, and a-ketoglutarate dehydrogenase (a-KGDH), the
TCA cycle enzyme complex, are able to generate H,O,. MAO catalyses the oxidative
deamination of biogenic and xenobiotic monoamines and increases the amount of ROS in
mitochondria. H,O, production by a-KGDH is dependent on NADH/NAD" ratio. Higher NADH
leads to higher H,O, production, therefore, a-KGDH could significantly contribute to oxidative
stress in mitochondria (Tretter and Adam-Vizi, 2004).

Physiologically generated H,O, and O," from ETC are dependent on the magnitude of Ap and
the respiratory state of mitochondria (Murphy, 2009). State 4 is characterized with high rate of
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ROS production, contrary to state 3 with high rate of oxygen uptake and slow ROS production.
State 5, described as anoxic, with limited oxygen supply and lack of respiration produce
minimum ROS (Brand et al., 2004; Cadenas and Davies, 2000). In isolated rat liver mitochondria
ROS production and Ay, were studied in state 3 and state 4. These states attenuate Ay, and
ROS, correlation of ROS with Ay, was observed (Tirosh et al., 2003). However, this correlation
with respiratory states was not observed in the study using isolated mitochondria, ROS
production correlated directly with Ay, (Aronis et al., 2003).

Complex 1 is considered to be the primary source of ROS in brain under physiological
conditions, as well as in pathological processes (e.g. neurodegenerative disorders). ROS seem to
be the key factors in brain aging processes and mitochondrial respiration with ROS production
significantly contributes to functional changes in brain during aging. Study in isolated rat
mitochondria found significantly increased H,O, production and 30 % reduction of complex I
activity in aged rats (Petrosillo et al., 2008). Defective mitochondria release large amounts of
ROS, similarly, decline of antioxidative enzyme activities (e.g. in elderly) enhances ROS
production (Schonfeld and Wojtczak, 2008). Negative results of ROS can affect respiratory
chain: complexes I, 11l and IV seem to be the most affected, whereas function of complex Il

appears to be unchanged (Boffoli et al., 1994).

1.1.5 Apoptosis

Mitochondrial dysfunctions may accompany the clinical picture of neuropsychiatric disorders
and contribute to neural apoptosis (Marazziti et al., 2012); mitochondria play a pivotal role in
intrinsic pathway of apoptosis (Mattson et al., 2008). Several interrelated mitochondrial pathways
facilitate cell death: mitochondrial permeability transition (MPT) and the release of apoptotic cell
death promoting factors, cytochrome c release by proapoptotic members of the Bcl-2 (B-cell
lymphoma 2) family of proteins, disruption of ATP production, and alteration of the cell’s redox
status and overproduction of ROS (Aronis et al., 2003). If they are activated, change their
conformations and induce formation of oligomers to form mitochondrial outer membrane pores,
resulting to MPT. In apoptotic cells rapid loss of mitochondrial Ay, is accompanied by ROS
production. Consequently, other proapoptotic proteins cytochrome ¢ and Smac are released and
trigger the caspase cascade leading to apoptosis (Bolarios et al., 2009). Released cytochrome ¢ in

cytosol binds to apoptotic protease-activating factor-1 (Apaf-1) and induces formation of
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apoptosome (Jiang and Wang, 2000). MPT means alteration of permeability properties of
membranes, originally was defined as increase of the inner mitochondrial membrane permeability
to solutes of molecular mass less than 1500 Da (Tsujimoto and Shimizu, 2007). Decreased MPT
and activities of respiratory chain complexes, and increased ROS production were observed in
cultured fibroblasts obtained from patients with CoQ deficiency (Rodriguez-Hernandez et al.,
2009). MPT results from formation and opening of a channel known as MPTP. MPTP is dynamic
multiprotein complex that span both the outer and inner mitochondrial membrane and contain the
adenine nucleotide translocator (ANT) in the inner membrane, and the voltage-dependent anion
channels (VDAC) in the outer membrane and cyclophilin D in the matrix (Baines et al., 2007).
Once open, MPTP allows the release of pro-apoptotic factors, such as cyt ¢ and apoptosis

inducing factor (AIF), into the cytoplasm.

1.1.6 Specific inhibitors of complexes of ETC

Rotenone is a specific complex | inhibitor, thenoyltrifluoroacetone (TTFA) specifically
inhibits complex Il. Both substances induce O," production that may result to major ROS
production (Chen et al., 2007; Turrens, 2003; Foster et al., 2006). Pyrrolnitrin inhibits both
complex I as well as complex Il. It affects electron transport among NADH, CoQ and succinate,
whereas COX remains unaffected (Wong et al., 1971).

Complex 111 inhibitors antimycin, myxothiazol and stigmatellin differ in their mechanism of
action. Antimycin A inhibits the transfer of electrons from cytochrome b to CoQ, blocks the Q;
side of complex I11. Oppositely, myxothiazol or stigmatellin block electron transfer from reduced
CoQ at Q, side (Viola and Hool, 2010). Stigmatellin inhibits transfer of electrons and recycling
of CoQ; myxothiazol inhibits electron transfer from reduced CoQ to cytochrome ¢ (Raha et al.,
2000).

Complex 1V inhibitors KCN and sodium azide decrease COX activity (Ferguson et al., 2005).
Azide specifically blocks crossover between cytochrome a and cytochrome as. Further, it inhibits
succinate oxidase activity specific for active respiration (state 3), but without any significant
inhibition of state 4 (Wilson and Chance, 1967). Inhibition of COX by KCN is reversible,
cyanide inhibits both electron and proton transport of COX (Nuskova et al., 2010). Complex V is
inhibited by oligomycin by blocking its proton channel (F, subunit). This inhibitor increases Aym
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and is used to prevent state 3 of respiration. Oligomycin induces artificially state 4, i.e. state of
respiration independent of ADP phosphorylation or resting state (LEAK) (Sjovall et al., 2010).
During the oxidation of complex | substrates (pyruvate, malate, glutamate), rotenone
inhibition did not increase H,O,; contrary, oxidation of complex | and Il substrates in the
presence of antimycin A increases H,O,. Both myxothiazol and stigmatellin inhibited O,"
production and/or should inhibit the effect of antimycin (Konstantinov et al., 1987; Raha et al.,
2000). The maximum of O," production has been observed in human skin fibroblasts with the
prolonged treatment of rotenone, but not with antimycin A (Koopman et al., 2010). Interestingly,
rotenone prevented antimycin A to induce ROS production in complex I, but not in complex |1
(Chen et al., 2003). Q, side of complex Il was found as the source of increased O, after
transient exposure to hydrogen peroxide (Viola and Hool, 2010). KCN and sodium azide increase
ROS formation (Ferguson et al.,, 2005). Oligomycin induces hyperpolarization of inner

mitochondrial membrane and can increase O," levels (Kirkland and Franklin, 2007).

1.1.7 Mitochondria and neuroplasticity

Mitochondrial distribution and activity are key factors in neuronal morphogenesis -
synaptogenesis, developmental and synaptic plasticity and axogenesis. During the development,
neuronal stem cells proliferate and differentiate into neurons; subsequently axons and dendrites
form synapses (Mattson and Partin, 1999; Erecinska et al., 2004). The role of mitochondria in
neuroplasticity is illustrated in Fig. 3 (Hroudova and FiSar, 2011). Due to ATP production and
importance of mitochondria in synaptic ion homeostasis and phosphorylation reactions,
mitochondria would be accumulated at sites where ATP consumption and Ca?* concentration are
higher. It was reported that mitochondria are more abundant in the regions of growing axons than
in the non-growing axons. Mitochondrial net movement is anterograde in growing axons and is
retrograde in non-growing axons. Shortly before axogenesis mitochondria congregate at the base
of the neurite that is destined to become the axon. Nerve growth factor (NGF) was found as one
of the signals inducing accumulation of mitochondria in the active growing cone (Chada and
Hollenberck, 2004). Interestingly, when the ATP production is impaired and cells provide
alternative source of energy, axogenesis is abolished although growth of dendrites remains

relatively unaffected (Mattson and Partin, 1999).
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There are changes in mitochondrial energy metabolism occurring in brain cells during CNS
development. During embryonic and early postnatal development fats are primarily used, later
on, glucose becomes as fuel. This fact supports the role of mitochondria in biochemical
requirements of highly proliferative neuronal stem cells and post-mitotic neurons. During
neuronal differentiation the number of mitochondria per cell increases, but the velocity at which
individual mitochondria move decreases as neurite outgrowth slows and synaptogenesis occurs
(Chang and Reynolds, 2006; Hroudova and Fisar 2011).
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Fig. 3 The role of mitochondria in neuroplasticity (Hroudova and FiSar, 2011). Principal
mechanisms leading to neuronal impairment and cell death are composed of decreased ATP production, increased
production of reactive oxygen and nitrogen species (RONS), initiation of apoptotic processes and impaired calcium
homeostasis. Exhaustion of energy supplies and decreased ATP production lead to impairment of ATP dependent
processes and therefore to changed cellular functions. Insufficient function of Na*/K*- ATPases leads to disturbances
of ion transmembrane gradients, efflux of K*, and influx of Na*, CI" and Ca®*. Increased extracellular concentrations
of K" mediate depolarisation of membranes and change the functions of amino acids transporters. VVoltage gated ion
channels (VGIC) and ligand dependent calcium channels (LGIC) are activated and mediate increased cytosolic
calcium concentrations. Intracellular calcium causes functional changes of amino acid transporters and enhances the
increased extracellular concentrations of EAA, glutamate especially, and extends neurotoxicity. Increased levels of
synaptic glutamate can be mediated by release of glutamate from astrocytes. Following bound of glutamate to
NMDA and AMPA receptors causes higher Ca®*influx into cell, calcium activates phospholipases, proteases, and
endonucleases, which degrade membranes, proteins and nucleic acid. E.g. activation of phospholipase A, (PLA;) by
calcium releases membrane arachidonic acid (AA), which induces production of superoxide. High intracellular
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calcium levels cause overload of mitochondrial calcium, increase ROS production, and inhibit ATP production.
Activation of calcium dependent protein phosphatases (e.g. calcineurin) causes translocation of proapoptotic factor
Bad into the mitochondria and triggers apoptosis by sequestration of antiapoptotic factors Bcl-2 and Bcl-xL. Release
of cytochrome ¢ and other proapoptotic factors from the intermembrane space of mitochondria induce the formation
of apoptosome, and consequently trigger activation of caspases and apoptosis. Apoptosis inducing factor (AIF) is
another factor released by mitochondria. Disengaged AIF is transported into nucleus and trigger caspases-
independent apoptosis. Mitochondria in brain are also a target of nitric oxide (NO) action.

AA - arachidonic acid; AIF - apoptosis inducing factor; Bax, Bad, Bad - proapoptotic factors of Bcl-2 family;
Bcl-2 - antiapoptotic factor of Bcl-2 family; BDNF - brain-derived neurotrophic factor; CaM - calmoduline; CAMP -
cyclic adenosine monophosphate; CREB - cAMP response element-binding protein; cyt ¢ - cytochrome ¢; Ay, -
potential on the inner mitochondrial membrane; EAAT - excitatory amino acid transporter; ER - endoplasmic
reticulum; Glu - glutamate; MAO - monoaminoxidase; nNOS - neuronal nitric oxide synthase; NO - nitric oxide;
PKA - protein kinase A; PLA, - phospholipase A,; PLC - phospholipase C; LGIC - ligand-gated ion channel;
RONS, reactive oxygen and nitrogen species; ROS - reactive oxygen species; RNS - reactive nitrogen species;
VGIC - voltage-gated ion channel

It was demonstrated that neuronal activity is influenced by the mitochondrial functions,
defective trafficking and dysfunction of mitochondria from axon terminals is implicated in the
pathogenesis of axonal degeneration (Cai and Sheng, 2009; Stamer et al., 2002; Konradi et al.,
2004). In addition, dendritic mitochondria are essential in the morphogenesis and plasticity of
spines and synapses (Overly et al., 1996). Recent findings suggest roles for mitochondria as
mediators of at least some effects on glutamate and BDNF on synaptic plasticity (Chada and
Hollenberck, 2004). BDNF promotes synaptic plasticity, in part, by enhancing mitochondrial
energy production. It increases glucose utilization and increases mitochondrial respiratory
coupling at complex (Cocco et al., 2009; Markham et al., 2004).

Mitochondria are dynamic organelles; their function is modulated by fission, fusion and
moving within the axons and dendrites (Mattson et al., 2008). Their structure, functions and
properties differ in axons and dendrites (Overly et al., 1996; Ruthel and Hollenberck, 2003).
Transport and positioning of mitochondria is essential for neuronal homeostasis and the

mitochondrial movement is a part of regulation by intracellular signals.

1.2 Advances in biological hypotheses of mood disorders

Findings about intracellular processes associated with mood disorders and long-term effects of
antidepressants demonstrate an important role of signalling pathways primarily regulated by
monoamine neurotransmitters; this was settled as the basis of many biochemical hypotheses

(Fisar, 1998; Fisar et al., 2009). While dysfunctions within monoaminergic neurotransmitter
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systems are likely to play an important role in pathophysiology of mood disorders, it probably
represents the downstream effects of more primary abnormalities in signal transduction. Thus,
new theories about the pathophysiology of depression and the action of antidepressant treatment
proposes that mood disorders are caused by structural or functional changes in particular
molecules and signalling pathways in the brain, and that antidepressants function by
counteracting these molecular changes. It is supposed that structural and functional brain
abnormalities in patients with depressive disorder may be associated with low levels of brain-
derived neurotrophic factor (BDNF), abnormal function of hypothalamic-pituitary-adrenal (HPA)
axis, glutamatergic toxicity, activation of inflammatory and cell-mediated immune response,
decreased antioxidant capacity and increased oxidative and nitrosative stress, disturbed
chronobiological rythms, and mitochondrial dysfunctions (Krishnan and Nestler, 2008; Mathew
et al., 2008; aan het Rot et al., 2009; Maes et al., 2012).

Research on the biological basis of mood disorders emphasises the changes of neural
networks and synaptic plasticity. Evidence exists for impairment of neuroplasticity in major
depression. Chronic stress is known to contribute both to development of major depression in
vulnerable persons and to reduction of synaptic plasticity, induction of structural changes in
dendrites, and impairment of neurogenesis (Pittenger and Duman, 2008). Mitochondria may be
primary regulators of these processes, as they regulate not only neuronal survival and death, but
also plasticity. There is mounting evidence for the role of mitochondrial dysfunction in the

pathophysiology and treatment of bipolar disorder (Quiroz et al., 2008).

1.2.1 Monoamine hypothesis

Discovery of the first effective antidepressants, MAOIs and tricyclic antidepressants, implied
hypothesis about significant role for the biogenic amine, particularly NE and 5-HT in the
ethiopathogenesis of affective disorders. Classic monoamine hypothesis is an early milestone in
the field of depression. It proposed that depression might be produced by a 5-HT or NE
deficiency at functionally important receptor sites in the brain, i.e. that brain monoamine systems
have a primary direct role in depression (Coppen, 1967; Schildkraut, 1965). Soon it became
evident that the monoamine hypothesis in its original form could not explain all of the effects of
antidepressants (Nestler et al., 2002; Hindmarch, 2002). In order to test this hypothesis, a series

of studies was conducted to evaluate effects of monoamine depletion on depressive symptoms in

30



depressed patients and in healthy controls. Relapse to 5-HT depletion or to catecholamine
depletion was found to be specific to the type of antidepressant treatment and type of depletion.
5-HT or NE/dopamine depletion did not decrease mood in healthy controls and slightly lowered
mood in healthy controls with a family history of major depressive disorder. In drug-free patients
with major depressive disorder in remission, a moderate mood decrease was found for acute
tryptophan depletion only. However, acute tryptophan depletion induced relapse in patients in
remission who used serotonergic antidepressants (Delgado et al., 1999). Depletion studies failed
to demonstrate a causal relation between 5-HT and NE with depressive disorder (Ruhé et al.,
2007; Cowen, 2008). The effects of acute tryptophan depletion on cognition in non-vulnerable
participants are independent of mood changes (Mendelsohn et al., 2009). Even simultaneous
disruption of 5-HT and catecholamine systems didn’t significantly alter mood in unmedicated
depressed subjects (Berman et al., 2002). These findings forced a major revision of the classic
monoamine hypothesis of depression. According to this revised monoamine theory of depression
(Heninger et al., 1996; aan het Rot et al., 2009) monoamine systems are only modulating other

brain neurobiological systems that have more primary role in depression.

1.2.2 Neurotrophic hypothesis

The neurotrophic hypothesis of depression (Duman et al., 1997; Duman, 2002; Zarate et al.,
2006; Einat and Manji, 2006) supposed that vulnerability to depression can arise as a result of
neuronal damage, e.g. after chronic stress, long-term increased levels of glucocorticoids,
hypoglycemia, ischemia, effects of neurotoxins or certain viral infections, etc. The therapeutic
effects of antidepressants consist in the increased function of the noradrenergic or serotonergic
system, leading to increased activity of transcription factor CREB (CAMP response element
binding protein), higher expression of neurotrophin BDNF and its receptor trkB, and
consequently to increased neuronal plasticity and resumption of cellular functions.

According to neurogenic hypothesis (Jacobs, 2002; Jacobs et al., 2000), depression may
develop due to the decreased neurogenesis in hippocampus, and antidepressants takes effect
through the stimulation of neurogenesis. Hypothesis of cellular plasticity (Kempermann and
Kronenberg, 2003) relate the neurotrophic and the neurogenic hypothesis to the statement that

depression can be generally caused by damaged cellular plasticity leading to inadequate relations
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between structure and function. Molecular mechanisms leading to a disturbance of
neuroplasticity are not known. The bioenergetic and neurochemical model of bipolar disorder
attempts to identify these mechanisms and focuses attention on mitochondrial dysfunctions (Kato
and Kato, 2000; Stork and Renshaw, 2005).

1.2.3 Inflammatory and neurodegenerative hypothesis

The central nervous system, endocrine and immune systems use neurotransmitters, cytokines
and hormones to communicate among them (Haddad et al., 2002). Now there is evidence that the
activation of the immune system is associated with the symptoms of depression (Leonard and
Myint, 2009; Catena-Dell’Osso et al., 2011). The inflammatory and neurodegenerative
hypothesis of depression (Maes et al., 2009) supposes that depression is associated with both
inflammatory processes, as well as with neurodegeneration and reduced neurogenesis. According
to this hypothesis, enhanced neurodegeneration and impaired neurogenesis in depression are
caused by inflammatory processes, related to the production of oxidative and nitrosative stress,
tryptophan catabolites along the indoleamine-2,3-dioxygenase pathway, proinflammatory
cytokines and lowered ®-3 polyunsaturated fatty acid status. Anti-inflammatory compounds
should be able to counteract at least partly the enhanced neurodegeneration and decreased

neurogenesis.

1.2.4 Mitochondrial hypothesis

Mitochondrial dysfunctions (leading to decreased ATP production, oxidative stress, and
induction of apoptosis) occur in the early stages of different neurodegenerative diseases,
associated often with mood disorders.

The role of mitochondrial dysfunction during bipolar disorder is supported both by
observation of the changes of brain metabolism and by effects of mood stabilizers (lithium and
valproate) on mitochondrial functions. Metabolic changes in brain were observed in bipolar
disorder by magnetic resonance spectroscopy (MRS). It suggests the presumptions that

mitochondrial dysfunctions include impaired OXPHQOS, final shift to glycolytic production of
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energy, general decrease of energy (decreased ATP production), changed concentrations of
phosphomonoesters and changed lipid metabolism (Stork and Renshaw, 2005).

mtDNA mutations in the brain, associations of mtDNA polymorphisms and bipolar disorder
and changes in gene expression related to mitochondria in the brain were observed (Kato, 2008;
Iwamoto et al., 2005). Mitochondrial dysfunction hypothesis of bipolar disorder is based on these
observations. According to this hypothesis, mtDNA polymorphisms/mutations or mtRNA
deletions caused by nuclear gene mutations can cause mitochondrial dysregulation of calcium
leading to symptoms of bipolar disorder (Kato and Kato, 2000; Kato, 2007; Kato, 2008).
Mitochondrial hypothesis corresponds to, above mentioned, neurotrophic hypothesis because of

an important role of calcium signalling pathway in synaptic plasticity regulation.

1.2.5 Biological markers of mood disoders

Biological markers are defined as a characteristic that is objectively measured and evaluated
as an indicator of normal biologic processes, pathogenic processes, or pharmacologic responses
to a therapeutic intervention. In medicine, a biomarker is an indicator of a particular disease state
or a particular state of an organism.

Identification of biologic markers of mood disorders and factors capable of predicting the
response to treatment with antidepressants has not been sufficiently successful (Balon, 1989;
Joyce and Paykel, 1989; Fisar and Raboch, 2008). In accordance to actual neurochemical
hypotheses of mood disorders, biological markers have been primarily found at the level of
neurotransmitter concentrations, their metabolites or precursors. Subsequently, attention was
shifted to the receptor systems, and since the 1990°s, intracellular processes have become main
interest. The chance to find sensitive and specific biological predictors of antidepressant
treatment has been increased, because of introduction of new methods of molecular biology.
These methods enable us better observation of cellular processes connected with the transduction
of nervous signals in the brain. The choice of parameters, which should be studied as perspective
biological markers of mood disorders, have been derived first of all from new findings of
signalling pathways involved in neurotransmission and from above mentioned neurochemical
hypotheses of mood disorders. From the view of intracellular processes, energetic metabolism,
activities of PKC, CREB, BDNF, Bcl-2, glycogen synthase kinase-3, caspases or calcium could

play a principal role in findings of biological markers of mood disorders. According to the
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complexity and connectivity of signalling pathways involved in etiopathogenesis of mood

disorders, number of chosen parameters is not final.

1.3 Antidepressants, mood stabilizers and mitochondrial functions

Antidepressants are used mainly to alleviate mood disorders, such as major depression and
dysthymia and anxiety disorders. Mood stabilizers are psychiatric medication used in treatment
of mood disorders, which are characterized by intense and sustained mood shifts (e.g. bipolar
disorder).

The antidepressant activity of the first generation of antidepressants, tricyclic antidepressants
and MAOIs, was explained by their effects on availability of monoamine neurotransmitters. The
next generations of antidepressants included selective serotonin reuptake inhibitors (SSRIs),
norepinephrine reuptake inhibitors (NRISs), serotonin-norepinephrine reuptake inhibitors (SNRI),
noradrenergic and specific serotonergic antidepressants (NaSSAs), norepinephrine-dopamine
reuptake inhibitors (NDRIs), serotonin antagonist and reuptake inhibitors (SARIs), selective
serotonin reuptake enhancer (SSRE), melatonergic agonists (MASSA), sigma receptor agonists
etc. The therapeutic response to antidepressants occurs after long-term treatment; therefore,
effects of antidepressants are linked to cellular adaptations including density and/or sensitivity of
neurotransmitter receptors and transporters, regulation of signal transduction cascades, and
changes in gene expression (Duman, 2004).

Most of mood stabilizers are anticonvulsants (valproate, carbamazepine, and lamotrigine),
with an important exception of lithium, which is the oldest and the best known mood stabilizing
drug. Some atypical antipsychotics (olanzapine, quetiapine, aripiprazole, risperidone,
ziprasidone) have mood stabilizing effects, as well.

Although a wide range of pharmacologically different antidepressants and mood stabilizers is
available, molecular mechanisms of their therapeutic effects haven’t yet been sufficiently
clarified. Relatively little information is known about the association among therapeutic and/or
adverse effects of drugs and mitochondrial enzyme activities. Incomplete data exist on the effect
of pharmacologically selective antidepressants and mood stabilizers on MAO activity.
Measurement of both mitochondrial respiration and membrane potential during action of

appropriate endogenous and exogenous substances enables the identification of the primary sites
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of effectors and the distribution of control, allowing deeper quantitative analyses (Brand and
Nichols, 2011).

1.3.1 Inhibition of MAO

MAO inhibition is the best known direct action of some antidepressants on mitochondrial
enzymes. The antidepressant effect of MAOIs has been established more than 50 years ago.
Iproniazid became the first MAO inhibitor to be used successfully in the treatment of depression;
it is an irreversible and nonselective MAO inhibitor (Fagervall and Ross, 1986). It is known to
act as a pro-drug and can be converted into isopropyl hydrazine which binds covalently to MAO
(Smith et al., 1963). Clorgyline is an irreversible inhibitor preferential for MAO-A, structurally
related to pargyline (MAO-B inhibitor). It has antidepressant activity, and may potentially be
useful in the treatment of Parkinson's disease. Selegiline (I-deprenyl) is an irreversible inhibitor
preferential for MAO-B; it is used for the treatment of Parkinson's disease, depression and senile
dementia. Inhibitors of MAO lose its selectivity at high doses. Moreover, there are feedbacks and
interconnections of intracellular signalling pathways which lead to mutual interactions of
monoaminergic and other systems (FiSar and Hroudova, 2010b; Fisar 2012). So, inhibiting of
MAO-B should influence processes mediated primarily by substrates for MAO-A, and vice versa.
The major disadvantage was the incidence of the cheese reaction with those early inhibitors
(Youdim and Bakhle, 2006).

The selective reversible MAO-A inhibitors such as moclobemide increase the content of 5-
HT, NE and dopamine in the brain (Haefely et al., 1992) but did not provoke the cheese reaction.
Moclobemide has been extensively evaluated in the treatment of a wide spectrum of depressive
disorders and social phobia. Overall, moclobemide appears to be safe and devoid of major side
effects, although it is considered as a mild antidepressant, better tolerated by older patients
(Lecrubier, 1990; Lecrubier and Guelfi, 1994; Iwersen and Schmoldt, 1996; Lotufo-Neto et al.,
1999; Madger et al., 2000; Bonnet, 2003; Prasko et al., 2006). Moclobemide undergoes extensive
metabolism with less than 1 % of the dose being excreted unchanged. Metabolic pathways of
moclobemide include mainly oxidative attack on the morpholine moiety (Jauch et al., 1990).
However, major metabolites in plasma were found to be less effective MAO-A inhibitors than

moclobemide or pharmacologically inactive (Da Prada et al., 1989; Baker et al., 1999).
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MAO inhibitors were developed as antidepressants but many drugs, including the
oxazolidinone antibacterial agents, share similar molecular properties and have MAO inhibitory
activity. These compounds were of interest as potential antidepressants because they could be
selective inhibitors of either the A or B isoforms and were usually reversible (Ramsay and
Gravestock, 2003).

Antidepressants which act primarily as 5-HT and/or NE reuptake inhibitors show inhibitory
activity towards MAO also. It has been suggested that tricyclic antidepressants exert some of
their therapeutic effect by inhibiting MAO (Reyes and Lisansky, 1984). They are able to inhibit
MAO-B both in vitro (Roth and Gillis, 1974; Edwards and Burns, 1974) and in vivo (Sullivan et
al., 1977; Sullivan et al., 1978). However, in vivo inhibition of the human platelet MAO-B in the
patients taking tricyclic antidepressants was not confirmed by others (Davidson et al., 1978;
Reveley et al., 1979). Five tricyclic antidepressants, amitriptyline, clomipramine, desipramine,
imipramine and iprindole, have comparable potencies as inhibitors of MAO in rodent brain and
liver (Green and McGachy, 1987). These antidepressants have been shown to partially protect
mouse brain MAO in vivo from the irreversible enzyme inhibition produced by subsequent
injection of phenelzine (Green et al., 1989). Concentrations of tricyclic antidepressants, which
showed a pronounced inhibitory effect on the MAOs activity, were significantly higher than
plasma levels of the drug found under therapeutic conditions (Honecker et al. 1976; Nag, 2004).
MAO activity was inhibited after long-term administration of viloxazine, nomifensine,
zimelidine, maprotiline, imipramine, amitriptyline, and nortriptyline in systematic studies of
Egashira (Egashira et al., 1996; Egashira et al., 1999). Competitive inhibition of MAO-A and
noncompetitive inhibition of MAO-B was found for these drugs. Similar results were obtained
when different tricyclic antidepressants and SSRIs were examined with isolated rat brain
mitochondria (Gnerre et al., 2001). Fluoxetine and norfluoxetine showed affinities both for
MAO-A (Mukherjee and Yang, 1999) and MAO-B (Mukherjee and Yang, 1997). Fluoxetine and
norfluoxetine also significantly inhibited the binding of the specific radioligands to MAO in vivo.
These results support a potential role of MAO inhibition in the therapeutic effects of fluoxetine.
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1.3.2 Effects of antidepressants on mitochondrial functions

There is relatively little data about effects of antidepressants on mitochondrial functions as
summarized in the Table 2. In vitro study examined influence of pharmacologically different
antidepressants and mood stabilizers on activity both mitochondrial MAO (Fisar et al., 2010) and
respiratory chain complexes; imipramine, desipramine, amitriptyline, citalopram, and mirtazapine
were found as complex | inhibitors in isolated pig brain mitochondria (Hroudova and Fisar,
2010). In isolated rat liver mitochondria effects of imipramine and clomipramine were compared
to classic uncouplers, drugs enhanced ATP synthase activity, hindered ATP synthesis and
released respiratory control (Weinbach et al.,, 1986). In isolated rat liver mitochondria,
nefazodone was found as inhibitor of mitochondrial complexes | and IV; buspirone inhibited
complex | but had no effect on complex IV. Trazodone did not effect on both complex | and
complex IV (Dykens et al., 2008), but decreased oxygen consumption and reduced Na®, K'-
ATPase activity. Trazodone acts also as uncoupler of OXPHOS (Velasco et al., 1985).

Effects of antidepressants on apoptotic markers, e.g. cytochrome c¢ release and DNA
fragmentation, seem to be different. Various antidepressants exhibited potential anticancer
properties and caused cytotoxic effects. Paroxetine, fluoxetine and clomipramine increased levels
of apoptotic markers leading to apoptosis in glioma and neuroblastoma cells, whereas imipramine
and mianserin do not (Levkovitz et al., 2005). Desipramine induced apoptosis in rat glioma cells
by activation of caspases, without any change of mitochondrial membrane potential Ay, (Ma et
al., 2010). Fluoxetine and amitriptyline protected PC12 cells from cell death induced by
hydrogen peroxide (Kolla et al., 2005). Amitriptyline and tranylcypromine prevented the loss of
mitochondrial Aym, over expression of Bax, reduction in Bcl-2 level, cytochrome c release,
caspase-3 activation, and formation of ROS. In contrast, fluoxetine seemed to have additive toxic
effect to 1-methyl-4-phenylpyridinium (MPP") against neuronal cell damage by increasing
mitochondrial damage and oxidative stress (Han and Lee, 2009). Nortriptyline was identified as
strong inhibitor of MPT and was observed as potential inhibitor of neuronal cell death; it
protected isolated mitochondria against programmed cell death, inhibited release of apoptotic
mitochondrial factors and caspases, increased Ca* retention in mitochondria and delayed the
Ca?* induced loss of Aym, further leading to neuronal cell death (Wang et al., 2007; Zhang et al.,
2008).
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Table 2 Effects of antidepressants on mitochondrial functions

Antidepressant

Biological model

Affected mitochondrial
function

Reference

Imipramine Isolated rat liver Uncoupling effects on Weinbach et al., 1986
mitochondria OXPHOS (release of
respiratory control, hindered
ATP synthesis, enhanced
ATP synthase activity)
Beef heart Inhibition NADH oxidation,
submitochondrial inhibition of ATP synthase
particles
Imipramine Rat brain Increased state 3 and state 4  Katyare and Rajan,
mitochondria respiratory rates 1995
Imipramine Rat liver Increased state 3 and state 4 ~ Katyare and Rajan,
mitochondria respiratory rates 1988
Imipramine, Human peripheral ~ Dose-dependent induction Xiaet al., 1997
clomipramine, lymphocytes and of apoptosis Karlsson et al., 1998
citalopram lymphoblasts
Imipramine, Human acute Loss in cell viability, Xiaetal., 1999
clomipramine, myeloid leukaemia increased ROS production,
citalopram HL-60 cells loss of Ay
Clomipramine, Rat heart isolated Reductions of Ay, Abdel-Razaq et al.,
desipramine, mitochondria Decrease in state 3 2012

norfluoxetine,

CHO cells

respiration
Inhibition of activities of
complexes I, I/l and 1V

Tianeptine Rat heart isolated Insignificant change of Ay,
mitochondria decrease in state 3
respiration
CHO cells Inhibition of complex I
activity
Tianeptine Rat liver Inhibited beta-oxidation and  Fromenty et al., 1989
mitochondria TCA cycle
Fluoxetine Rat liver Inhibition of state 3 Souzaet al., 1994
mitochondria respiration, stimulation of
state 4 respiration, decrease
of RCR and uncoupling
effects on OXPHOS
Fluoxetine Rat brain Inhibition of OXPHOS, Curti et al., 1999
mitochondria decreased activity of ATP
synthase
Amitriptyline, Differentiated rat Prevention of the loss of Han and Lee, 2009
fluoxetine pheocytochroma Ay, Cyt C release, formation
PC12 cells of ROS induced by MPP*
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Amitriptyline, Rat Attenuation of H,0, Kolla et al., 2005
fluoxetine pheocytochroma neurotoxic effects,
cells upregulation of superoxide
dismutase
Nortriptyline ALS mouse* Strong inhibitor of MPT Wang et al., 2007
Nortriptyline Mouse model of Inhibition of Aym, inhibited ~ Zhang et al., 2008
ischemia release of mitochondrial
factors and caspase 3
activation
Nortriptyline Rat brain Inhibitor of MPT, inhibition ~ Morota et al., 2009
mitochondria of ETC, mild uncoupling
Fluoxetine and/or Rat brain Increased CS activity after Agostinho et al., 2011
olanzapine homogenates acute, but not chronic
treatment
Nefazodone Isolated rat liver Severe inhibition of oxygen  Dykens et al., 2008
mitochondria consumption
Inhibition complexes I and
v
Trazodone Modest inhibition of oxygen
consumption
Inhibition of complex |
Nefazodone Isolated rat liver Complex I and complex IV~ Velasco et al., 1985
mitochondria inhibitor
Trazodone No effects
Fluoxetine Hippocampal Increased ATP synthase Gamaro et al., 2003
synaptic plasma activity
membranes
Sertraline Isolated rat liver Uncoupling effects on Lietal., 2012
mitochondria OXPHOQOS, inhibition of
complex | and complex V
activities, induction of Ca?*
mediated MPT
Venlafaxine, Rat brain Differences in brain areas: Scaini et al., 2010
paroxetine, homogenates (after increased or unchanged CS
nortriptiline 15 days of drug and SDH activities
administration)
Paroxetine, Rat glioma and Increased cyt c release, Levkovitz et al., 2005
fluoxetine, human caspase-3-like activity,
klomipramine neuroblastoma cell  induction of apoptosis
lines
Desipramine Rat glioma cells Activation of caspases 3and Maetal., 2011

9, no changes of Ay,

*ALS mouse — model of neurodegeneration
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1.3.3Effects of mood stabilizers on mitochondrial functions

Mood stabilizers affect multiple sites in intracellular signalling pathways (Fisar and Hroudova,
2010b). Main targets of mood stabilizers are neurotrophin BDNF, ERK pathway, and pathways
modulated by GSK-3 or Bcl-2 (Einat and Manji, 2006; Gould and Manji, 2005; Shaltiel et al.,
2007). Molecular and cellular targets of mood stabilizers include enzymes inhibited by lithium
(inositol monophosphatase, inositol polyphosphate 1-phosphatase, GSK-3, fructose 1,6-
bisphosphatase, bisphosphate nucleotidase, phosphoglucomutase), enzymes inhibited by
valproate (succinate semialdehyde dehydrogenase, succinate semialdehyde reductase, histone
deacetylase), targets of carbamazepine (sodium channels, adenosine receptors, adenylate
cyclase), and components of signalling pathways regulated by multiple drugs (PKC, cAMP,
arachidonic acid) (Gould et al., 2004). Furthermore, lithium and valproate reduce transport of
myo-inositol into the cells, which leads to reduced PKC activity. Lithium and valproate increase
Bcl-2 concentrations (Chen et al., 1999) and inhibit GSK-3 activity (lithium directly, valproate
indirectly). Valproate activates MAPK signalling pathway and regulates stress proteins of ER
(Bown et al., 2002). Through the effects on Bcl-2 and p53 (proapoptotic protein), lithium affects
mitochondria by stabilization of membrane integrity and prevention of MPTPs opening; i.e. by
regulating the key process in cell death leading to at least temporary loss of Ay, input of water
into matrix and equilibration of ions concentrations. Both lithium and valproate have
neuroprotective effects based on protection from glutamatergic neurotoxicity by inactivation of
NMDA receptors, on activation of cell survival factors such as phosphoinositide 3-kinase/protein
kinase B pathway, and on induction of neurotrophic and neuroprotective proteins. Lithium
protects against DNA damage, caspases activation, and apoptosis of neurons (Chuang, 2005).
Increased concentrations of N-acetyl aspartate (NAA, marker of neuronal viability and
functionality) in grey matter after the chronic lithium administration support its strong

neuroprotective and neurotrophic effects in humans.

Effects of mood stabilizers on monoaminergic activity have been studied; majority of data is
about the effects of lithium. Lithium enhances the antidepressant effect both of MAOIs and
inhibitors of the reuptake of 5-HT and/or NE (Magder et al., 2000; Nierenberg et al., 2006;
Kitaichi et al., 2006). The mode of action for the lithium augmentation of antidepressants is

partly mediated by an increase of 5-HT neurotransmission (Redrobe and Bourin, 1999; Haddjeri
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et al., 2000; Muraki et al., 2001). However, lithium could not either inhibit MAO-A or MAO-B
in the brain mitochondrial (Nag, 2004; Fisar et al., 2010). Unipolar and bipolar depressive
patients showed significantly higher platelet MAO activity than controls, but there was no
significant change in activity after the institution of lithium treatment (Reveley et al., 1981).

Studies have shown effects of mood stabilizing drugs on mitochondria. In isolated brain
mitochondria lithium caused desensitisation to calcium, antagonized permeability transition, and
diminished cytochrome c release (Shalbuyeva et al., 2007). In isolated rat liver mitochondria
valproate inhibited OXPHOS (Haas et al., 1981).In isolated pig brain mitochondria both lithium
and valproate inhibited respiratory chain complexes | and IV (Hroudova and Fisar, 2010).
According to study performed in rats (Corréa et al., 2007), valproate reversed the decreased
activity of CS caused by amphetamine and lithium prevented the inhibition. The cytoprotective
effect of lithium and valproate was observed after 7 days, of pre-treatment of human
neuroblastoma (SH-SY5Y) cells against cytotoxicity resulting from oxidative stress evoked by
rotenone and H,O,. This effect was not observed after one day of pre-treatment (Lai et al., 2006).
Chronic treatment of SH-SY5Y cells prevents reduction of methamphetamine-induced reduction
of cytochrome ¢, mitochondrial antiapoptotic Bcl-2/Bax ratio and mitochondrial COX activity
(Bachmann et al., 2009). Interestingly, long-term lithium and valproate did not protect SH-SY5Y
cells against endoplasmic reticulum stress-induced cytotoxicity (Lai et al., 2006). Lithium and
carbamazepine could facilitate activation of CREB, valproate and lamotrigine did not affect
BDNF-mediated signalling (Mai et al., 2002). Thus, these mood stabilizers likely decrease the
vulnerability of mitochondrial functions caused by oxidative stress and have neuroprotective
effects (Lai et al., 2006).

Chronic treatment with lithium, valproate and carbamazepine protects against NMDA-
mediated toxicity (Bown et al., 2003). Interestingly, recent study performed with epileptic
children examined the influence of carbamazepine and lamotrigine on mitochondrial functions -
both drugs influenced respiratory chain complexes and significantly affected ATP production,
carbamazepine decreased the production, oppositely to stimulatory effect of lamotrigine (Berger
et al., 2010). Carbamazepine interferes in adenylate cyclase pathway: inhibits adenylate cyclase
and the synthesis of cCAMP (Chen et al., 1996). Lamotrigine prevented the toxicity caused by
rotenone and MPP" in rat PC12 cells by suppressing the MPT formation, which leads to
cytochrome ¢ release and subsequent apoptosis. Though, lamotrigine seems to have
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neuroprotective effect due to the mitochondrial respiratory complex | inhibition (Kim et al.,

2007).

Effects of mood stabilizers on mitochondrial functions are summarized in the Table 3.

Table 3 Effects of mood stabilizers on mitochondrial functions

Mood stabilizer

Biological model

Affected mitochondrial
function

Reference

Valproate Rat liver Inhibition of the rate of Ponchaut et al., 1992
mitochondrial oxygen consumption,
fractions sequestration of

intramitochondrial CoA

Valproate Isolated rat liver State 3 rates of oxygen Haas et al., 1981
mitochondria consumption inhibited

Valproate Isolated beef brain  Inactivation of a-KGDH Luder et al., 1990
a-KGDH complex

Valproic acid Isolated rat CoA, acetyl-CoA and long Becker and Harris,
hepatocytes chain acyl-CoA fractions 1983

decreased (accumulation of
valproyl-CoA; without any
evidence of this metabolite
in brain tissue)

Valproate and its

Submitochondrial

Inhibition of pyruvate uptake

Aires et al., 2008

metabolites particles prepared
from rat liver
Valproate Rat liver Inhibition of pyruvate-driven Silva et al., 1997
mitochondria OXPHOS
Digitonin Inhibition of the rate of ATP
permeabilized rat synthesis (pyruvate as
hepatocytes substrate used, no inhibitory

effects caused by succinate
and glutamate as substrates)

Valproate and
lithium

Rat brain tissue
obtained from
animals pretreated
by d-amphetamine

No modification of complex
[, 11, 11l and IV activities
after the treatment with
valproate and lithium in
controls

Valvassori et al., 2010

Valproate and
lithium

Rat brain tissue
obtained from
animals pretreated
by d-amphetamine

Treated animals with lithium
and valproate prevented
inhibition caused by d-
amphetamine

Corréa et al., 2007

Valproate and
lithium

Rat brain tissue
obtained from
animals pretreated
by d-amphetamine

Treated animals with lithium
and valproate reversed ATP
synthase activity (increased
after d-amphetamine)

Zugno et al., 2009
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Valproate and Human Protective effects against Lai et al., 2006
lithium neuroblastoma and  H,O, or rotenone induced
glioma cells cytotoxicity in
neuroblastoma cells
Valproate and Human Reduction of Bachmann et al., 2009
lithium neuroblastoma methamphetamine-induced
cells reduction of cytochrome c,

antiapoptotic Bcl-2/Bax ratio
and COX activity

Lithium Plasma synaptic Impaired function of ATP de Vasconcellos et al.,
membrane from rat  synthase was modulated 2005
brain (submitted to  (reversed by lithium
animal model of treatment, prevented by
depression) lithium pretreatment)
Lithium Isolated brain Desensitisation to calcium, Shalbuyeva et al.,
mitochondria antagonized MPT, 2007
diminished cytochrome ¢
release
Lithium Postmortem human Dose-depedent increased Maurer et al., 2009
brain cortex activities of complexes I+111,
[1+111 and succinate
dehydrogenase
Lithium Human Attenuation of rotenone- King et al., 2001
neuroblastoma SH-  induced caspase-3 activation
SY5Y cells
Carbamazepine Rat liver Decreased state 3 respiration, Santos et al., 2008
mitochondria RCR, ATP synthesis, Aym,
Carbamazepine Rat brain Protection against rotenone  Costa et al., 2008

mitochondria

induced complex | inhibition

Carbamazepine,

Human white blood

Carbamazepine decreased

Berger et al., 2010

lamotrigine cells ATP production,
stimulatory effect on
production by lamotrigine
Lamotrigine Human Suppression of MPT Kim et al., 2007
neuroblastoma SH-  formation, attenuation of
SY5Y cells rotenone-toxicity, inhibition

of ROS production

1.3.4 Metabolic changes in mood disorders

According to Kato (Kato et al.,, 2001; Kato and Kato, 2000; Kato, 2008) mtDNA

polymorphisms/mutations or mtDNA deletions caused by mutations of nuclear genes could cause

mitochondrial dysregulation of calcium, leading to the symptoms of bipolar affective disorder.

Mitochondrial

changes

then alter

energy  metabolism,
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phosphomonoesters and production of lipids. Abnormal cellular energy and phospholipid
metabolism was found using proton (*H) and phosphorus (**P)-MRS (Stork and Renshaw, 2005).
Lower creatine and phosphocreatine as well as choline-containing compounds
(glycerophosphocholine and phosphocholine) were found in postmortem studies of left
dorsolateral prefrontal cortex in medication-free patients suffering from bipolar disorder (Frey et
al., 2007a; Frey et al., 2007b). MRS studies demonstrated also increased lactate, decreased pH,
phosphocreatine, and ATP levels; shift toward to glycolytic energy production. Studies using
two-dimensional proton echo-planar spectroscopic imaging (PEPSI) confirmed altered brain
metabolism in medication-free patients suffering from bipolar disorder. Patients exhibited
increased grey matter lactate and y-aminobutyric acid (GABA) levels; phosphocreatine, creatine
or choline-containing compounds were not altered (Dager et al., 2004). Postmortem studies of
patients with bipolar disorder have identified anatomical and neuropathological abnormalities
including ventricular enlargement, decreased gray matter volume, and reductions of number, size
and/or density of neurons and glial cells (Rajkowska, 2002; Strakowski et al., 2005; Vawter et al.,
2006). Analyses using PET and single-photon emission computed tomography (SPECT)
demonstrate variable loss of monoamines in depressive patients. PET analyses of brain energy
metabolism suggested mitochondrial deficits in idiopathic psychiatric disorders. Data
demonstrated reduced ATP production rate and increased mitochondrial deletions in patients
compared to controls. Patients suffering from depression exhibit reduced glucose utilization in

the prefrontal cortex, anterior cingulated gyrus and caudate nucleus (Videbech, 2000).
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2. Hypothesis and aim of the study

Molecular psychiatry applies for the study of biological basis of mental and neurodegenerative
disorders interdisciplinary  approaches, especially  neurobiological,  neurochemical,
neurophysiological, neuroimmune, neuroendocrine and genetic approach. New biological
hypotheses of mental disorders have been formulated on the basis of interconnections and
feedback effects of signalling pathways participating on the nervous signal transmission.
Principal sources of knowledge come from structural and functional changes in the brain, effects
of stress, chronobiology, activity of hypothalamus-pituitary-adrenal axis, changes of immune
functions, synthesis and metabolism of neurotransmitters, density or affinity of their receptors
and mediators, and first of all changes in intracellular signaling pathways down streaming on
neurotransmitters systems.

Mood disorders are probably related to disturbed signal transduction through the chemical
synapse resulting from organic, physiological as well as environmental stimuli, included in
etiology of mood disorders. It is supposed that impaired bioenergetics of neurons participate on
pathophysiology of the disorder. We presume that therapeutic effects of psychopharmaca,
presently administered or newly developed for the treatment of depression, can be find in targeted
regulation of mitochondrial functions and subsequent affection of neuroplasticity, inflammatory
responses related to the disease, calcium homeostasis, production of reactive oxygen and nitrogen
species and other processes related to complex response to stress, neurotoxicity or impaired
neurotransmission.

On the basis of this hypothesis, we study effects of depressive disorder, antidepressants and
other psychoactive drugs with pharmacologically different mechanisms of action on activities of
mitochondrial enzymes. It includes isoforms of MAO, enzymes of TCA cycle and complexes of
ETC providing OXPHOS and ATP production as the main source of energy for metabolism,
synthesis and active transport within the cells.

The aim of our study has been specification of some intracellular biochemical parameters which
are affected by antidepressants and mood stabilizers and therefore can be related to
pathophysiology of mood disorders. Based on results obtained from in vitro measurements and,
consequently, from blood samples, we attempt to find biological markers of mood disorders that
could help in diagnosis and treatment as well as in the development of new drugs with the

specific effects on these newly discovered intracellular targets. Thus, the primary aim of this
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study was discovery of the drug-induces changes in selected mitochondrial functions using
antidepressants, mood stabilizers and animal brain mitochondria as in vitro model. Subsequent
aim was application of these findings into the preclinical research of mitochondrial dysfunctions
in blood platelets of patients suffering from depression.

We applied radiochemical, spectrophotometrical, fluorescence methods and high-resolution
respirometry. Effects of pharmacologically different antidepressants and mood stabilizers on
activity of mitochondrial enzymes (MAO-A, MAO-B, citrate synthase, complexes of ETC) and
on mitochondrial respiration were measured using pig brain mitochondria as in vitro model.
Effects of depressive disorder on activity of mitochondrial enzymes (MAO-B, citrate synthase,
complexes of ETC) and on mitochondrial respiration were measured using human platelets.
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3. Materials and methods

Effects of pharmacologically different antidepressants and mood stabilizers on mitochondrial
functions were initially measured as drug-induced changes in activities of mitochondrial
enzymes, especially MAOs and enzymes of citric acid cycle and OXPHOS system. Next
experiments were based on the facts that the bioenergetics function of mitochondria can be
investigated by measurement of rate of ATP formation and efficiency of the process (the P/O
ratio, i.e. the ratio of ATP formed over oxygen consumed) (Merlo-Pich et al., 2004) and that
measurement of oxygen consumption and its sensitivity to substrates, uncouplers and inhibitors
can be good indication of mitochondrial phosphorylation capacity.

To provide a routine approach to the study of oxygen kinetics, multiple substrate-uncoupler-
inhibitor titration (SUIT) protocols for high-resolution respirometry were developed for accurate
measurement with small amounts of tissue, cells and isolated mitochondria (Pesta and Gnaiger,
2012). Measurement rests mainly on 1. instrumental design to achieve minimum oxygen
diffusion into a homogenously stirred closed chamber, 2. polarographic oxygen sensors and
electronics providing sufficient stability and resolution of dissolved oxygen in a dynamic range
of 10* 3. high time resolution of the signal, 4. software-supported signal correction based on
standardized instrumental calibrations, and 5. resolution of non-linear changes of rate based on
the time derivative of oxygen concentration (Gnaiger, 2001).

Isolated mitochondria from animal brains (Whittaker, 1969) serve as proper in vitro model for
study of mitochondrial functions. Mitochondrial functions in disease have been often investigated
in muscle biopsies (Fischer et al., 1985; Pesta and Gnaiger, 2012). Blood platelets represent a
system that possess mitochondria and may be easily separated from human blood. Moreover,
platelets are used as a good model for neurons in some biological parameters (Da Prada et al.,
1988) and in study of mitochondrial dysfunctions in neurodegenerative disorders (Schapira,
1998) or in aging (Lenaz et al., 2002). Thus, intact and permeabilized cells, and permeabilized

muscle fibers are used for functional mitochondrial diagnosis with high-resolution respirometry.
3.1 Animal brain mitochondria

Fresh pig brains were obtained on slaughter-house and rapidly placed to ice-cold buffered
sucrose (0.32 mol/l sucrose, 4 mmol/l HEPES; pH 7.4). All subsequent procedures were
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performed at 0-4 °C. Brain cortex was separated without cerebellum, gently homogenized in ten
volumes (w/v) of ice-cold 0.32 mol/l buffered sucrose supplemented with aprotinin (competitive
serine protease inhibitor), by means of a homogenizer with Teflon piston. Mitochondria were
prepared by a standard differential centrifugation method (Whittaker, 1969). Briefly, the
homogenate was centrifuged at 1000 g for 10 min to remove unbroken cells, nuclei and cell
debris. The supernatant was carefully decanted; the pellet was resuspended in buffered sucrose
and centrifuged again under the same conditions. Supernatants were collected and recentrifuged
at 10000 g for 15 min. The final pellet containing crude mitochondria was washed twice with
buffered sucrose (10000 g, 15 min), resuspended to a protein concentration of 20-40 mg/ml, and
either immediately used for measurement of respiratory rate, or stored at -70 °C until the enzyme
assayed. Protein concentration was determined by the method of Lowry et al. (1951), with bovine

serum albumin as the standard.

3.2 Drug effects on enzymes of citric acid cycle and respiratory chain complexes

3.2.1 Preparation of mitochondria for enzyme assays

Crude mitochondrial fraction was resuspended with hypotonic buffer (25 mmol/l potassium
phosphate, 5 mmol/l MgCl,, pH 7.2), and suspension was frozen and thaw two times to achieve
the maximum of enzyme activities (Kirby et al., 2007). Samples were incubated with selected
psychopharmaca for 30 minutes at 30 °C. Final drug concentrations were 5 mmol/l for lithium
and valproate, 500 pmol/l for desipramine, amitriptyline, imipramine, citalopram, venlafaxine,
mirtazapine, tianeptine, moclobemide, and olanzapine. Samples were measured at 30 °C and in a
total reaction volume of 3 ml; final protein concentration was 150 pg/ml. Activities of respiratory
chain complexes and enzymes of citric acid cycle were measured spectrophotometrically using
Uvicon XL spectrophotometer (SECOMAM, Alés, France). All chemicals were purchased from

Sigma-Aldrich Co. (St. Louis, MO, USA). Enzyme assays used in our study are stated below.
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3.2.2 Enzyme assays

Complex I (NADH dehydrogenase (ubiquinone), EC 1.6.5.3)

NADH dehydrogenase activity was measured as the rotenone-sensitive rate of NADH
oxidation at 340 nm. Previously published method was used (Ragan et al., 1987; Folbergrova et
al.,, 2007) with a slight modification. The reaction medium was composed of 25 mmol/l
potassium phosphate (pH 7.2), 5 mmol/l MgCl,, 2.5 mg/ml bovine serum albumin (BSA), 2
mmol/l KCN, and 0.3 mmol/l NADH. The reaction was started by the addition of coenzyme Q;
(in final concentration 33 pmol/l) and measured for 10 min. Afterwards rotenone was added in
final concentration 50 pumol/l and the inhibited rate was measured for further 2 min.

Complex Il (succinate dehydrogenase (ubiquinone), EC 1.3.5.1)

The activity of succinate dehydrogenase complex was measured as a decrease of absorbance
of 2, 6-dichlorophenolindophenol (DCPIP, artificial acceptor of electrons) for 3 minutes at 610
nm. The reaction mixture contained 25 mmol/l potassium phosphate buffer (pH 7.2), 5 mmol/l
MgCl,, 20 mmol/l sodium succinate, 50 umol/l DCPIP, 2 mmol/l KCN, 2 umol/l antimycin A,
and 2 umol/l rotenone. The reaction was initiated by the addition of coenzyme Qi; to final

concentration 60 pumol/l (Trounce et al., 1996).

Complex IV (cytochrome-c oxidase, EC 1.9.3.1)

Cytochrome-c oxidase activity was measured as a decrease of absorbance during oxidation of
reduced cytochrome c at 550 nm. The reaction mixture was consisted of 20 mmol/l KH,PO, (pH
7.0), 0.45 mmol/l lauryl maltoside; reaction was started with reduced cytochrome c¢ (final

concentration 25 pmol/l) and was monitored for 1 min (Rustin et al., 1994).

Succinate dehydrogenase (EC, 1.3.99.1)

A slight modification of the method of Munujos et al. (1993) was used for the determination
of succinate dehydrogenase activity. Incubation mixture was composed of: 100 mmol/l Tris/HCI,
pH 8.3, 0.5 mmol/l EDTA, 2 mmol/l KCN, 0.1% Triton and 20 mmol/l potassium succinate
adjusted at pH 7.4. After the incubation, reaction was initiated with addition of 0.3%
iodotetrazonium chloride - final concentration 2 mmol/l) and was continuously measured for 10

minutes at 500 nm.
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Citrate synthase (CS 2.3.3.1)

The activity of CS was measured as a color change of 5, 5 -dithiobis-(2-nitrobenzoic) acid
(DNTB). Incubation medium was composed of 100 mmol/l Tris/HCI (pH 8.1), 0.1% Triton X-
100, 0.2 mmol/l DTNB, and 0.3 mmol/I acetyl-CoA. The reaction was initiated by the addition of
0.5 mmol/l oxaloacetate and absorbance was measured at 412 nm for 3 min (Srere et al., 1969).

Data analysis and statistics

Enzyme activities were evaluated as a slope of time dependence of absorbance of samples
using LabPower Junior software (SECOMAM). Each independent measurement had a control,
I.e. sample containing all components except for the drug. Relative changes of enzyme activities
evoked by drugs were determined assuming that the activity of the control sample is equal to 100
%. Residual enzyme activity, i.e. activity at very high drug concentration, was determined in our
inhibitory experiments. The full inhibitory curve was measured only for the effect of desipramine
on complex I activity. This inhibition was analyzed using the four-parameter logistic function
(SigmaPlot, Systat Software. Inc., Richmond, CA, USA), to establish the half maximal inhibitory
concentration (ICsp), residual activity and Hill slope (coefficient).

All data presented are expressed as the mean + standard deviation. Results were analyzed by
STATISTICA (data analysis software system, version 9.0, StatSoft, Inc., Tulsa, OK, USA). The
Wilcoxon matched pairs test (a nonparametric alternative to the t-test for dependent samples) was
used to calculate test statistics in order to compare the enzyme activities in samples with the drug

and without the drug.

3.3 Drug effects on monoamine oxidase activity

MAOs activity was determined radiochemically (Ekstedt, 1976; Egashira et al., 1978; Ozaita
et al., 1997; Egashira et al., 1999) using either [**C]5-HT (maximum concentration 100 pmol/l)
or [“CJPEA (maximum concentration 10 pmol/l) as substrates, respectively. At such
concentrations these amines have been shown to behave as specific substrates for the A and B
isoforms of MAO, respectively (Fowler and Tipton, 1981; Youdim et al., 2006).

Mitochondria were diluted in modified Krebs-Henseleit buffer without Ca** (KH solution;
118 mmol/l NaCl, 4.7 mmol/l KCI, 1.2 mmol/l KH,PO,4 1.2 mmol/l MgSO,, 25 mmol/l
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NaHCOs, 11.1 mmol/l glucose; pH 7.4). The reaction mixture containing the crude MAO and
various drug concentrations was preincubated for 60 min at 37 °C. Reaction was started by
addition of radiolabelled substrate and MAO activity was measured at 37 °C for 30 min for
MAO-A and for 1 min for MAO-B.

MAO-A activity was measured using [“C]5-HT solution with specific activity of
approximately 40 kBg/ml which was prepared by mixing of [*C]5-HT stock solution (5-
hydroxytryptamine binoxalate 5-[2-}*C], specific activity of 1.85 GBg/mmol, radioactive
concentration 3.7 MBg/ml, radiochemical purity greater than 99 %, American Radiolabeled
Chemicals, Inc., St. Louis, MO, USA) with KH buffer and unlabelled (cold) serotonin (5-
hydroxytryptamine hydrochloride, Sigma-Aldrich Co., St. Louis, MO, USA).

MAO-B activity was measured using [*C]PEA solution with specific activity of
approximately 40 kBg/ml which was prepared by mixing of [**C]PEA stock solution (2-
phenylethylamine [ethyl-1-**C] hydrochloride, specific activity of 2.03 GBg/mmol, radioactive
concentration 3.7 MBg/ml, radiochemical purity greater than 99 %; American Radiolabeled
Chemicals) with unlabeled PEA (2-phenylethylamine hydrochloride; Sigma-Aldrich Co.)
solution in KH buffer.

The final sample volume was 250 pl containing 200 pg of protein. The reaction was stopped
by the addition of 250 ul of 2 N hydrochloric acid. The reaction products, i.e. the corresponding
aldehydes of 5-HT and PEA after oxidative deamination, were extracted into benzene:ethyl
acetate 1:1 (v/v) and the radioactivity of the extracts in the organic phase were measured by
liquid scintillation counting (LS6000IC, Beckman Instruments, Inc., Fullerton, CA, USA). Both
MAO assays were performed over times where product formation was shown to proceed linearly
under the condition used so that the values obtained corresponded to the initial velocities of the
enzyme-catalyzed reaction.

Since some drugs are poorly soluble in agueous media, they were sonicated in KH solution to
obtain homogenous suspension. Iproniazid was used in the form of phosphate salt; clorgyline and
pargyline were used in the form of hydrochlorides (all purchased from Sigma-Aldrich Co.).

o1



Inhibition of MAO-A and MAO-B activities

Dependence of MAO activity on drug concentration was measured at different final
concentrations (at least 7 concentrations). The effect was examined of desipramine, amitriptyline,
imipramine, fluoxetine, citalopram, venlafaxine, reboxetine, mirtazapine, tianeptine,
moclobemide, lithium, valproate, olanzapine, iproniazid, pargyline, and clorgyline. Blank values
were obtained by addition of the hydrochloric acid before the substrate was added. MAO-A
activity was measured using 16 umol/l [**C]5-HT solution. The final [**C]5-HT concentration in
samples was 3.2 pmol/l. MAO-B activity was measured using 50 pmol/I [**C]PEA solution. The
final [**C]JPEA concentration in samples was 10 pmol/l. The remaining MAO-A and MAO-B
activities were expressed as portions of control basal activity and plotted as a function of the drug
concentration. The reversibility of the inhibition of MAO by drugs was proven using the dilution
method (Ulus et al., 2000).

Determination of enzyme kinetic parameters

Steady-state kinetic constants (Kn, Michaelis constant and Vma, maximum rate) were
determined from studies of the effects of substrate concentration on the initial reaction rate of
MAO-A or MAO-B in the absence of drugs and in the presence of different concentrations of
drugs. Kinetic constants for MAO-A were assessed with seven different concentrations of [**C]
serotonin (5, 8, 10, 12.5, 25, 50, 100 pmol/l) using aliquots of 250 pmol/l [**C]5-HT solution.
Blank values were obtained by the addition of 100 pmol/l clorgyline before the substrate was
added. Similarly, kinetic constants for MAO-B were determined with seven different
concentrations of [**C]PEA (0.5, 0.8, 1, 1.25, 2.5, 5, 10 pmol/l) using aliquots of 25 pmol/l
[“*C]PEA solution. Blank values were obtained by the addition of 1 umol/l pargyline before the

substrate was added.

Data analysis

Inhibition of MAO activity by drugs was analyzed using the four-parameter logistic function
(SigmaPlot, Systat Software. Inc., Richmond, CA, USA), to establish the half maximal inhibitory
concentration (ICso) and Hill slope (coefficient). Hill slope characterizes the slope of the curve at
its midpoint and it is used in determining the degree of cooperativity of the ligand binding to the
enzyme. ICso represents the concentration of a drug that is required for 50% inhibition of
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enzymatic reaction at a specific substrate concentration. 1Csy values are dependent on conditions
under which they are measured; so, data obtained are valid for existing enzyme concentration and
type of inhibition. Because inhibitory potency is related to the dissociation constant of the
enzyme-inhibitor complex (K;, the reciprocal of the binding affinity of the inhibitor to the
enzyme) this parameter can be a predictor of in vivo inhibitory potency. The analysis shown that
Ki is equal to ICso under conditions of either non-competitive or uncompetitive kinetics; however,
Ki does not equal 1Csy when competitive inhibition Kkinetics applies (Cheng and Prusoff, 1973).
ICs and K; can be related for competitive reversible inhibitor of monosubstrate reaction by

Cheng-Prusoff equation:
Ki = 1Cs0/(1+S/Km),

where S is substrate concentration.

The MAO activity obeyed simple Michaelis-Menten kinetics with maximum rate Vyax, and
Km (numerically equal to the substrate concentration required at rate of Vma/2). Different effects
of the inhibitor on V. and Ky, result from its binding to the enzyme, to the enzyme-substrate
complex, or to both. Reversible enzyme inhibitors can be classified as competitive,
noncompetitive, uncompetitive, or mixed. We used nonlinear regression (SigmaPlot with
Enzyme Kinetics Module) to calculate the parameters Vmax, K, and to determine the mechanisms
of inhibition. Akaike's information criterion (Akaike, 1974) with a second order correction for
small sample sizes was used as a tool for model selection, i.e. as a measure of the goodness of fit

of an estimated type of inhibition.

3.4 Drug effects on mitochondrial respiratory rate

Materials

Mitochondrial respiration medium (MiR05) consisted of sucrose 110 mmol/L, K-lactobionate
60 mmol/L, taurine 20 mmol/L, MgCl,.6H,O 3 mmol/L, KH,PO, 10 mmol/L, EGTA 0.5
mmol/L, BSA 1g/L, HEPES 20 mmol/L, adjusted to pH 7.1 with KOH (Kuznetsov et al., 2004;
Pesta and Gnaiger, 2012). Substrates, inhibitors or drugs were added to samples containing
mitochondria as described in protocols below. Hamilton syringes were used for manual titration,
automatic titration-injection micropump TIP2k (Oroboros Instruments, Innsbruck, Austria) was

used for drug titration. Effects of various antidepressants (amitriptyline, fluoxetine, tianeptine),
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mood stabilizers (lithium carbonate, sodium valproate, olanzapine), and ketamine were tested.
Effect of chlorpromazine was measured for comparison. Chemicals were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA), except for fluoxetine, tianeptine and olanzapine, which were

gifts from Zentiva Group a.s. (Prague, Czech Republic).

High-resolution respirometry

Activity of mitochondrial respiratory system was measured at 37 °C in titration-injection high-
resolution oxygraph (Oxygraph-2k, Oroboros Instruments, Innsbruck, Austria) equipped with two
closeable tempered chambers with Clark-type polarographic oxygen electrodes. The sample was
placed into incubation chamber and stirred continuously using magnetic stirring bar. High-
resolution respirometry is based on monitoring of oxygen concentration in the sample over time
and calculation of rate of oxygen consumption.

Data were collected and analyzed using software DatLab 4.3 (Oroboros Instruments,
Innsbruck, Austria) displaying the real-time oxygen concentration and oxygen flux, which is the
negative time derivative of oxygen concentration. Oxygen solubility factor relative to distilled
water for MiR05 was set to 0.92 (Sjovall et al., 2010). Respiratory rates (oxygen fluxes) were
expressed as pmol O, consumed per second relative to one milligram of protein in the sample of

crude brain mitochondria (pmol/mg.s).

Drug effects on respiration rate of brain mitochondria

Isolated pig brain mitochondria were used as an in vitro model to study the effects of
antidepressants and mood stabilizers on mitochondrial oxygen consumption rate. Digitonin was
used for permeabilization of the plasma membrane of synaptosomes presented in crude
mitochondrial fraction. Digitonin permeabilizes the plasma membranes, whereas mitochondrial
membranes are affected only at higher concentrations. To differentiate effect of drugs on the
respiratory capacities attainable through complex | and complex Il, separate respirometric
measurements for complex | as well as complex Il were performed. Thus, two protocols were
used for determination of changes in respiration rate induced by different concentrations of
amitriptyline, fluoxetine, tianeptine, ketamine, lithium, valproate, olanzapine, and
chlorpromazine. At least 17-point titration was performed, thus final drug concentrations were in
the range 0.5 to 2500 umol/L. Because one titration experiment takes more than 1 hour and

respiratory rate of sample in closed chamber significantly decrease during this period, two
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parallel samples were titrated and measured simultaneously, sample in the first chamber was
titrated by the drug and the sample in the second was titrated by medium used for dissolving of
the drug.

2.0 mL MIiRO05 in measuring chambers were saturated with atmospheric oxygen for about 30
min, chambers were closed and 2-10 pL crude mitochondria was injected so that final protein
concentration in the sample was achieved between 50 and 200 pg/mL;10 pL digitonin (50
pg/mL) was added immediately to permeabilize synaptosomes.

a) Respiration through complex | was initiated by adding 2 mmol/L malate and 5 mmol/L
pyruvate. Following signal stabilization, the state 3¢, respiration was induced by the addition of
1.25 mmol/L ADP and titration with 0.5 — 100 pL drug/medium was carried out using TIP2k
with 3 min interval between single titrations. Finally, the complex | was blocked by 0.5 pmol/L
rotenone and residual oxygen consumption (ROX) was measured to be subtracted from all other
values of respiratory rate.

b) Activation of respiration through complex Il was preceded by addition of 1.25 mmol/L ADP
and by complex I inhibition by 0.5 pmol/L rotenone. Then the state 3¢y, respiration was induced
by the addition of 10 mmol/L succinate and titration with 0.5 — 100 pL drug/medium was carried
out using TIP2k with 3 min interval between single titrations. Finally, respiration was blocked by
1.25 pg/mL antimycin A, which inhibits the transfer of electrons from cytochrome b to CoQ,
blocks the Q; side of complex Ill. Residual oxygen consumption (ROX) was measured to be
subtracted from all other values of respiratory rate.

Following ROX subtraction from respiratory rates at different drug/medium concentrations,
differences among drug-titrated and medium-titrated samples were calculated and relative drug-
induced changes in respiratory rate were determined, supposing that relative respiratory rate

equals to 1 at zero drug concentration.

Data analysis

All data presented are expressed as the mean + standard deviation. Results were analyzed by
STATISTICA (data analysis software system, version 10.0, StatSoft, Inc., Tulsa, OK, USA). The
differences in means between two groups were evaluated with Mann-Whitney U test. Inhibition
of respiratory rate by drugs was analyzed using the four-parameter logistic function (SigmaPlot,
Systat Software Inc., Richmond, CA, USA), to establish the concentration of a drug that is
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required for 50% inhibition in vitro (ICso) and Hill slope, which characterizes the slope of the
inhibition curve at its midpoint and it is used to determine the degree of cooperativity of the
ligand binding to the enzyme.

Typical record of the measurement is represented in Fig. 4.

- t t t t bou
A
: N\\ 520
] line 1 \\ "\ ) 390
N line|2
\
[
] ™ L 260
~

0 T T T T s 0

0:38 0:5 1:16 h:3

[
o
o

-
(]
o

=y
o
o

02 Concentration (A) [nmoliml]

L2
o
1

02 Flux per mass (A} [pmoli(s“mg)]

-
o«
o

Range [h:min]: 1:55
HSF  DIG D ROT s TIP sta POO1 POO2 POO3 POO4 POOS POOS POOT POOS PO0S PO10 PO 1 PO12 P01 TIP end a F ANTI

g i i t — i 650
B
E -520
_ line 1 - 400
1 260
' line 2 8
0 - ma 0

T T T

0:38 0:5 116 t:af
Ranae [h:min]: 1:55

HSF  DIG D ROT 3 TIP sta P00 POOZ POO3 POO4 POOS POOS POOT POOS POO% PO10 PO 1 PO12 P01 TIP end o] F ANTI

[
(=]
o

=y
(24
o

~, /

=y
o
o

02 Concentration (B) [nmoliml]
Flux per mass (B) [pmoli{s“mg})]

L4
=]
-
o
o

Fig. 4 Typical graphs from oxygraph presenting drug-induced inhibition of oxygen
consumption of brain mitochondria. Medium-titrated (A) and chlorpromazine-titrated (B) samples with
respiration controlled through complex Il. Vertical lines label addition of components: HSF - crude mitochondrial
fraction; DIG - digitonin; D - ADP; ROT - rotenone, S - succinate; P001-P013 - single titrations; O - oligomycin; F —
FCCP (p-trifluoromethoxyphenylhydrazone); ANTI - antimycin A. Line 1 demonstrates concentration of oxygen in a
sample. Line 2 represents kinetic of oxygen consumption (negative derivation of the curve 1).
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3.5 Respiratory rate in platelets of depressive persons

Subjects

Patients with an ICD-10 diagnosis of depression were recruited from Department of
Psychiatry of First Faculty of Medicine and General University Hospital in Prague. The patients
were asked to complete questionnaires concerning medical history, personal habits, and use of
medications. Severity of depression was evaluated by a Hamilton Rating Scale for Depression
(HRSD-21), Clinical Global Impression - Severity scale (CGI-S) and Clinical Global Impression
- Improvement scale (CGI-I). Depressive patients were tested both before treatment and after
several weeks of treatment with antidepressants. Positive depressive symptomatology was
recognized at HRSD-21 score reached value > 10, negative depressive symptomatology at
HRSD-21 < 10. Control group consisted of normal healthy volunteers. Patients before the blood
taking were on empty stomach, without the use of cigarettes and coffee, and before the
administration of medicaments. The study was approved by the Ethics Committee of General
University Hospital, Prague. All patients and controls gave written, informed consent to

participate in the study.

Human platelets

Venous blood withdrawal was performed using Vacutainer® (Becton, Dickinson and
Company) blood collection tubes with sodium citrate or EDTA as anticoagulant. To isolate
platelets, blood samples were immediately centrifuged at 200 g for 15 min at 25 °C, thus
obtaining platelet rich plasma (PRP) in supernatant. Platelets in PRP were counted using Birker
chamber. PRP with sodium citrate were diluted by Krebs-Henseleit medium without Ca** (KH
medium) consisted of 118 mmol/L NaCl, 4.7 mmol/L KCI, 1.2 mmol/L KH,POy, 1.2 mmol/L
MgSQO,.7H,0, 25 mmol/L NaHCO;, and 11.1 mmol/L glucose, pH 7.4) to concentration
200.10%/mL and used for measurement of respiration of intact platelets. PRP with EDTA was
centrifuged at 1500 g for 10 min at 25 °C; the pellet was resuspended in the same volume of

MiR05 medium and used for measurement of respiration of permeabilized platelets.

High-resolution respirometry
Activity of mitochondrial respiratory system was measured at 37 °C in high-resolution

oxygraph as described above. Since the rate of respiration in the cell is not maximal, the
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respiration rate was measured in presence of an optimal concentration of uncoupler, carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP), which induces the noncoupled state of
maximal respiratory rate and enable measurement of the capacity of the electron transfer system
(ETS). Intrinsic uncoupling and dyscoupling may be evaluated by the flux control ratio (FCR)
between nonphosphorylating respiration (LEAK), caused by electron flow coupled to proton
pumping to compensate for proton leaks, and ETS capacity (Pesta and Gnaiger, 2012).

Data were collected and analyzed using software DatLab 4.3 (Oroboros Instruments,
Innsbruck, Austria). Oxygen solubility factor relative to distilled water for buffers was set to 0.92
(Sjovall et al., 2010). Respiratory rates (oxygen fluxes) were expressed either as pmol O,
consumed per second relative to one milligram of protein in the sample of crude brain
mitochondria (pmol/mg.s) or as pmol O, consumed per second relative to one million of platelets

in the sample of intact or permeabilized cells (pmol/s.10° platelets).

Respiration of intact platelets

Mitochondrial respiration was measured in intact platelets (Sjovall et al., 2010). From platelet
suspension in plasma with KH medium, 2.0 ml aliquot, containing 400.10° platelets, was
incubated for 30 min at 37 °C with continuous stirring in measuring chamber of high-resolution
respirometer with unrestricted access of the air. Following stabilizing of oxygen concentration in
suspension the chamber was closed by stopper and mitochondria were allowed to stir for
approximately 5 min until signal from oxygraph was stabilized; physiological coupling state
controlled by platelet energy demands on OXPHOS was measured as respiration of intact
platelets without any additions (ROUTINE"). Respiration independent of ADP phosphorylation
was measured after addition 1 pL (2 pg/mL) oligomycin, the ATP synthase inhibitor (oligomycin
induced state 4, LEAK’). Maximal capacity of the electron transfer system (ETS’) in the
noncoupled state was achieved by titration with the protonophore FCCP (10-80 umol/L). Finally,
mitochondrial respiration was inhibited by 5 puL (2.5 pmol/L) rotenone (complex I inhibitor) and
10 pL (2.5 pg/mL) antimycin A (complex Il inhibitor) and residual oxygen consumption (ROX)
was measured to be subtracted from all other respiratory states.

Following ROX subtraction from ROUTINE’, LEAK’ and ETS’, flux control ratios were
calculated as ROUTINE/ETS, LEAK/ETS, (ROUTINE-LEAK)/ETS and ROX/ETS’ (Gnaiger,
2009; Sjovall et al., 2010; Pesta and Gnaiger, 2012) to determine relative contribution of the
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different respiratory states (i.e. respiratory control independent of mitochondrial content and cell
size).

Data record of measurement in intact platelets is exemplified in Fig. 5.
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Fig. 5 Typical curve from oxygraph presenting oxygen consumption in intact platelets. Line
1 demonstrates oxygen concentration in a sample; line 2 demonstrates oxygen consumption (negative derivation of
oxygen concentration). Vertical lines indicate additions of single components: O - oligomycin (induction of LEAK
state); F — FCCP (p-trifluoromethoxyphenylhydrazone; maximum of electron transport system capacity); ROT -
rotenone; ANTI - antimycin A.

Respiration of permeabilized platelets

Respiration was measured using mitochondrial substrates in platelets that have been
permeabilized with digitonin. This permeabilization allows measuring the respiratory rate and
respiratory control ratios with different substrates thereby obtaining information on coupling sites
of OXPHOS. NADH-related substrates (malate, pyruvate, glutamate) plus succinate supply
enable reconstitute the citric acid cycle function in permeabilized platelets or isolated
mitochondria, with convergent complex I and complex Il input (Gnaiger, 2009).

Experimental protocol was adapted from Sjovall et al. (2010). From platelet suspension in
MiR05, 2.0 ml aliquot, containing at the average 900.10° platelets, was incubated for 30 min at
37 °C with continuous stirring in measuring chamber of high-resolution respirometer with
unrestricted access of the air. Following stabilizing of oxygen concentration in suspension the
chamber was closed by stopper and mitochondria were allowed to stir for approximately 5 min

until signal from oxygraph was stabilized and respiration of intact platelets without any additions
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was determined (ROUTINE”). Platelets were permeabilized with 10 pL digitonin (50 pg/mL).
Respiration through complex | was initiated by adding 5 pL malate (5 mmol/L) and 5 pL
pyruvate (5 mmol/L); then state 3¢, respiration was induced by the addition of 4 uL ADP (1.0
mmol/L) and 5 pL glutamate (5 mmol/L) (OXPHOS,’). After signal stabilizing 20 pL succinate
(10 mmol/L) was added to activate respiratory through complex Il and maximal OXPHOS
capacity by convergent input through both complex | and complex Il (state 3¢+;;) was measured
(OXPHOS;.+1’). Respiration independent of ADP phosphorylation was measured after addition 1
puL (2 pg/mL) oligomycin (oligomycin induced state 4, LEAK’) and maximal capacity of the
electron transfer system (ETS’) was obtained by titration with the protonophore FCCP (1-3
pmol/L). Mitochondrial respiration through complex | was inhibited by 1 pL rotenone (0.5
pmol/L) and the ETS capacity related to complex Il was determined (ROT’). Finally, 5 pL
antimycin A (1.25 pg/mL) was added and residual oxygen consumption (ROX) was measured to
be subtracted from all other respiratory states.

Following ROX subtraction, respiratory flux control ratios were calculated as
ROUTINE/ETS, OXPHOS/ETS, OXPHOS.W/ETS, LEAK/ETS, ROT/ETS, LEAK/
OXPHOS,, LEAK/ OXPHOS,4, (inverse of the conventional respiratory control ratio), and
ROX/ETS’ (Gnaiger, 2009; Sjovall et al., 2010; Pesta and Gnaiger, 2012) to determine relative
contribution of the different respiratory states.

Data record of measurement in permeabilized platelets is exemplified in Fig. 6.

60



ROUTINE* OXPHOS* OXPHOS,., LEAK* ETS* ROT* ROX

[

o

(=
(=]
[\

ra

=

(=)
1

line

=
2
=

i)

H E
5 28
L :
< 150 . 015
< ling 2 '
S >
ki o
£ 100j ~ 0.1 8
g \"'--. &
[ My 2
0 50 L ] -0.053
(3} TR
Q o
(o]

0 T T T T T T T T T T T T T T T T T T T T T T T T T 0
0:28 ‘ 0:42 H 0:56 :1# 1:25 1 Fg
Range fh:mip]: 1:26
oG MP 1] GLU S ¥} F F F F F ROT ANTI
ROUTINE s D P o— ADP 1GLL 5 Ch Fom RO T RO ¥

Fig. 6 Typical curves from oxygraph presenting oxygen consumption in permeabilized

platelets. Line 1 represents oxygen concentration in a sample; line 2 represents oxygen consumption (negative
derivation of curve 1). Vertical lines indicate additions of single components: DIG - digitonin (for membrane
permeabilization), M - malate; P - pyruvate; D - ADP; GLU - glutamate; S - succinate; O - oligomycin (induction of
LEAK state); F - FCCP (p-trifluoromethoxyphenylhydrazone; maximum of electron transport system capacity); ROT
- rotenone; ANTI - antimycin A.

Data analysis

Data were collected using the software displaying the oxygen flux and real-time oxygen
consumption (DatLab software 4.3b, Oroboros Instruments, Austria). All data presented are
expressed as the mean + standard deviation. Results were analysed by STATISTICA (data
analysis software system, version 10.0, StatSoft, Inc., Tulsa, OK, USA). Mann-Whitney U test (a
nonparametric test for evaluation of independent samples from the same distribution) was used to
calculate test statistics in order to compare values obtained from patients in depressive episode,

patients after a long-term treatment and controls.
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4. Results

4.1 Drug effects on enzymes of citric acid cycle and respiratory chain complexes

Activities of respiratory chain complexes were mostly decreased owing to tested
antidepressants and mood stabilizers; the most affected were complex | and complex IV (Fig. 7).
Statistically significant decrease of complex | activity was found for desipramine, amitriptyline,
imipramine, citalopram, mirtazapine and valproate. Activity of complex Il was significantly
decreased by amitriptyline and imipramine. Activity of complex 1V was significantly decreased

for desipramine, amitriptyline, imipramine, mirtazapine, tianeptine, lithium, valproate and

olanzapine.
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Fig. 7 Effects of antidepressants and mood stabilizers on activities of the respiratory chain
complexes I, I1, 1V in a brain crude mitochondrial fraction. The samples were incubated with drugs
at 30 °C for 30 minutes and enzyme kinetics were measured spectrophotometrically as described in the section
“Material and Methods”. Relative activities are displayed (100 % = control sample without the drug). Values are
means + standard deviation of at least five independent measurements. Comparisons between controls and samples
with drug were performed using the Wilcoxon matched pairs test (*p<0.05, **p<0.01).
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Considering very high final drug concentrations in samples the values showed on Fig. 7
conform to residual activities of enzyme complexes. The inhibitory curve for inhibition of the

complex I by desipramine illustrates the relevance of residual activity (Fig. 8).
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Fig. 8 Inhibition of basal NADH dehydrogenase (complex 1) activity by desipramine in a
brain crude mitochondrial fraction. Concentration-response curve is displayed as plot of the initial activity
of complex | against the desipramine concentration. The samples were incubated with drugs at 30 °C for 30 minutes
as described in “Material and Methods”. The reaction was started by the addition of 33 umol/l coenzyme Q; and
measured for 10 min; afterwards rotenone was added (in final concentration 50 umol/l) and the inhibited rate was
measured for further 2 min. The control samples were measured simultaneously. Values are mean + standard
deviation of three independent measurements. Line represent the best fitted curve using the four-parameter logistic
function (median effective concentration 1Csy = 96.3 + 9.7 umol/I, residual activity = 3.05 £ 0.55 %, and Hill slope =
2.00 +£0.35).

Potencies of tested drug in affecting of CS and SDH activity are summarized in the Table 4.
Except for mirtazapine and moclobemide all tested drugs slightly increased CS activity; however,

the increase was statistically significant only for citalopram, tianeptine and olanzapine.
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Table 4 Effects of antidepressants and mood stabilizers on citrate synthase (CS) and succinate

dehydrogenase (SDH) activity in a brain crude mitochondrial fraction.

Drug (wﬁgj \gtoyn(t:ril) N(CS) (&Cg:‘/ Ict:)gﬁt?g:) N(SDH)
Desipramine 105 £ 13 9 96 + 17 4
Amitriptyline 109 + 13 8 *85 + 17 6
Imipramine 106 £ 11 5 105+ 19 4
Citalopram *116 + 12 6 82 +16 3
Venlafaxine 115+ 22 6 111+ 41 5
Mirtazapine 96 + 24 6 95+9 6
Tianeptine *120 + 21 9 106 + 14 3
Moclobemide 98+4 5 104 £ 12 3
Lithium 108 + 12 8 84 + 23 5
Valproate 109 £ 10 6 - -
Olanzapine *129 + 16 8 - -

The samples were incubated with drugs at 30 °C for 30 minutes. After the incubation, CS activity was initiated by
the addition of 0.5 mmol/l oxaloacetate and was measured for 3 minutes at 412 nm. After the incubation, reaction for
the determination of SDH activity was initiated by addition of 0.3% iodotetrazonium chloride - final concentration 2
mmol/l) and was continuously monitored for 10 minutes at 500 nm. The control samples (without the drug) were
measured simultaneously. The effect of antidepressants and mood stabilizers on the enzyme activity was expressed
as percentage of activity of the control sample.

Values are mean * standard deviation; N = number of independent measurements; *p<0.05, i.e. the Wilcoxon
matched pairs test was significant at the 0.05 level.

4.2 Drug effects on mitochondrial respiratory rate

The effects of antidepressants (amitriptyline, fluoxetine, tianeptine), mood stabilizers (lithium
carbonate, sodium valproate, and olanzapine), ketamine, and chlorpromazine on respiration rate
in pig brain mitochondria were assessed and compared with effect of chlorpromazine. Potency of
tested drugs in inhibiting mitochondrial respiratory rate is summarized in the Tables 5 and 6.
Among the tested antidepressants, fluoxetine and tianeptine were the most potent inhibitors of
respiration supported by substrates for electron supply through complex | (Fig. 9, Table 5).
Tianeptin, but not fluoxetine was potent inhibitor of respiration supported by substrates for
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electron supply through complex Il (Fig. 10, Table 6). Ketamin and mood stabilizers did not
affect markedly mitochondrial respiration regardless of substrate used. Hill slope of all inhibitory
curves was significantly higher than 1; it indicates positively cooperative reaction. High residual
activity at high drug concentration was observed for all drugs (Tables 5 and 6, Figs. 9 and 10); it

indicates that only partial inhibition of respiratory rate occurs.
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Fig. 9. Drug-induced inhibition of respiratory rate in pig brain mitochondria incubated

with substrates for electron supply through complex I. Changes in respiratory rate induced by
antidepressant (A) and mood stabilizers (B) were measured. Dose-response curves are displayed as plots of the
respiratory rate against the drug concentration. The samples were continuously stirred and incubated at 37°C;
titration with drugs was achieved in 3 min intervals. Following subtraction of residual oxygen consumption from
respiratory rates at different drug/medium concentrations, differences among drug-titrated and medium-titrated
samples were calculated and relative drug-induced changes in respiratory rate were determined, supposing that
relative respiratory rate equals to 1 at zero drug concentration. Median effective concentrations (1Csg) and Hill slope
were calculated using nonlinear regression analysis software (Table 1). VValues are means from at least 4 independent
measurements + standard deviation. Lines represent the best fitted curves using the four-parameter logistic function.
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Table 5 Drug-induced inhibition of respiratory rate in pig brain mitochondria incubated with
substrates for electron supply through complex |

Drug (uln?gfll) Hill slope N R(iziﬂi?l
Amitriptyline 1782 + 94 1.70 + 0.12 10 0.714
Fluoxetine 86.2 + 95 153 = 0.19 8 0.562
Tianeptine 889 + 26 295 + 0.23 9 0.739
Ketamine 361.6 *+ 215 3.70 = 0.70 5 0.886
Lithium Nd Nd 8 1.000
Valproate Nd Nd 7 0.964
Olanzapine Nd Nd 9 0.964
Chlorpromazine 1159 =+ 10.7 1.67 += 0.19 8 0.530

Values are means + standard deviation; ICsy - half maximal inhibitory concentration; Hill slope - characterizes the
slope of the curve at its midpoint and it is used in determining the degree of cooperativity of the ligand binding to the
enzyme; N - number of measurement; Residual - residual activity at high drug concentration.

Table 6 Drug-induced inhibition of respiratory rate in pig brain mitochondria incubated with

substrates for electron supply through complex I1

Drug (ulrggi)/l) Hill slope N R(iziﬂli?l
Amitriptyline 462 * 25 258 + 0.22 10 0.662
Fluoxetine 2662 + 8.9 337 + 0.30 9 0.540
Tianeptine 674 + 49 239 + 0.36 8 0.717
Ketamine Nd Nd 4 1.000
Lithium Nd Nd 8 1.000
Valproate Nd Nd 7 0.956
Olanzapine 419 £+ 213 216 = 0.77 7 0.878
Chlorpromazine 263 + 33 238 = 045 10 0.395

Values are means + standard deviation; ICsy - half maximal inhibitory concentration; Hill slope - characterizes the
slope of the curve at its midpoint and it is used in determining the degree of cooperativity of the ligand binding to the
enzyme; N - number of measurement; Residual - residual activity at high drug concentration.
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Fig. 10. Drug-induced inhibition of respiratory rate in pig brain mitochondria incubated

with substrates for electron supply through complex Il. Changes in respiratory rate induced by
antidepressant (A) and mood stabilizers (B) were measured. Dose-response curves are displayed as plots of the
respiratory rate against the drug concentration. The samples were continuously stirred and incubated at 37 °C;
titration with drugs was achieved in 3 min intervals. Following subtraction of residual oxygen consumption from
respiratory rates at different drug/medium concentrations, differences among drug-titrated and medium-titrated
samples were calculated and relative drug-induced changes in respiratory rate were determined, supposing that
relative respiratory rate equals to 1 at zero drug concentration. Median effective concentrations (1Csg) and Hill slope
were calculated using nonlinear regression analysis software (Table 6). Values are means from at least 4 independent
measurements * standard deviation. Lines represent the best fitted curves using the four-parameter logistic function.
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4.3 Drug effects on monoamine oxidase activity

The effects of antidepressants (desipramine, amitriptyline, imipramine, fluoxetine, citalopram,
venlafaxine, reboxetine, mirtazapine, tianeptine, moclobemide) an mood stabilizers (lithium,
valproate, olanzapine) on MAOs activity and nature of the interaction in pig brain mitochondria
were assessed in comparison with iproniazid, pargyline, clorgyline. As was to be expected, the
mitochondria treatment with iproniazid, pargyline or clorgyline resulted in decrease of the MAOs
activity at nanomolar to micromolar drug concentrations (Figs. 11C, 12C). 1Cso values were
determined by analysing dose-response curves of the MAO activity against the drug
concentration. It must be noted that irreversible inhibitors (iproniazid, pargyline, clorgyline)
displays time-dependent inhibition and its potency cannot be correctly characterized by ICs
value.

Potency of drug tested in inhibiting MAO-A activity is summarized in the Table 7. Most of
drugs were relatively potent in inhibiting MAO-A activity, whereas MAO-A was not fully
inhibited even at high mirtazapine or olanzapine concentrations (lower efficacy). The residual
activities of MAO-A were about 21.9 %, and 29.1 % with mirtazapine and olanzapine,
respectively (Fig. 11). Amitriptyline, imipramine, fluoxetine, mirtazapine and tianeptine
displayed positive cooperativity of the binding to MAO-A. Venlafaxine, moclobemide and
olanzapine displayed negative cooperativity. A Hill coefficient of 1 indicates completely
independent binding for desipramine and citalopram.

The effects of the same drugs also were evaluated on pig brain mitochondrial MAO-B
activity using PEA as substrate (Table 8). Most of drugs were relatively potent in inhibiting
MAO-B activity. Similarly to MAO-A, MAO-B was not fully inhibited even at high mirtazapine
or olanzapine concentrations; however, lower efficacy of inhibition was found for venlafaxine
and amitriptyline. The residual activities of MAO-B were about 29.0 %, 32.2 %, 58.5 %, 17.3 %
and 39.9 % with venlafaxine, amitriptyline, olanzapine, and mirtazapine, respectively (Fig. 12).
Fluoxetine, venlafaxine, amitriptyline and tianeptine displayed positive cooperativity of the
binding to MAO-B; olanzapine displayed negative cooperativity.

Lithium and valproate are very weak inhibitors of both isoforms of MAO. Moclobemide does
not inhibit MAO-B and it is a weak in vitro inhibitor of MAO-A.
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Fig. 11 Inhibition of basal MAO-A activity by antidepressants in crude mitochondrial

fraction isolated from cortex of pig brain. Dose-response curves are displayed as plots of the initial
activity of MAO-A against the antidepressant concentration. The samples were incubated with drugs at 37 °C for 60
minutes and the reaction was started by the addition of 3.2 pmol/I [**C]serotonin. Following incubation at 37 °C for
30 minutes, the reaction was stopped by the addition of hydrochloric acid. The samples were measured in doublets
and blank values were deducted. Median effective concentrations (I1Cs) were calculated using nonlinear regression
analysis software (Table 7). Values are means + standard deviation. Lines represent the best fitted curves using the
four-parameter logistic function.

To determine the mechanism of MAO inhibition by the antidepressants and mood stabilizers,
the effects of various concentrations of these drugs on MAO kinetic were studied. Enzyme
kinetic equations for competitive, noncompetitive, uncompetitive and mixed type of inhibition
were tested and the best model was chosen.

When the kinetics of the interactions of drugs with the enzyme were assessed, SigmaPlot
calculation of MAO-A kinetics confirmed that the interaction was competitive for moclobemide
and olanzapine only (i.e. apparent increases in Ky, values with no changes in Vmax values in the
presence of the inhibitor), noncompetitive for fluoxetine, imipramine, citalopram, venlafaxine
and mirtazapine (i.e. apparent decreases in Vpmax values with no changes in Ky, values in the
presence of the inhibitor), mixed for desipramine and amitriptyline (i.e. apparent decreases in
Vmax values with the change in K, values in the presence of the inhibitor), and uncompetitive for
tianeptine (i.e. apparent decreases in Vyax Values with decrease in Ky, values in the presence of the
inhibitor) (Table 7).
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Table 7 Inhibition of MAO-A activity in brain crude mitochondrial fraction

Drug 150 Hill slope M(.ech.arTi.sm of N
pmol/I inhibition
Fluoxetine 168 + 1.0 1.38 + 0.10 Noncompetitive 5
Desipramine 29.2 + 2.8 1.00 = 0.09 Mixed 7
Amitriptyline 382 + 29 1.31 + 0.11 Mixed 8
Imipramine 505 £ 35 1.37 £ 0.10 Noncompetitive 6
Citalopram 55.0 + 54 1.03 + 0.09 Noncompetitive 8
Venlafaxine 835 + 12.6 0.75 + 0.08 Noncompetitive 8
Olanzapine 212 £ 71 0.62 + 0.10 Competitive 5
Mirtazapine 235 + 30 133 £ 0.21 Noncompetitive 9
Tianeptine 469 + 39 1.65 = 0.17 Uncompetitive 7
Moclobemide 1105 + 101 0.77 + 0.05 Competitive 10
Lithium >10000 6
Valproate >10000 6
Pargyline 0.01152 + 0.00067 1.68 + 0.18 Irreversible 12
Clorgyline 0.347 = 0.041 1.12 + 0.13 Irreversible 14
Iproniazid 155 + 0.12 1.16 + 0.10 Irreversible 16

The samples were incubated with drugs at 37 °C for 60 minutes and the reaction was started by the addition of
3.2 umol/I [*C]serotonin; following incubation at 37 °C for 30 minutes, the reaction was stopped by the addition of
hydrochloric acid. The samples were measured in doublets and blank values were deducted.

Values are means + standard deviation. 1Csy = drug concentration that is required for 50% inhibition of enzyme
activity; Hill slope = describes the cooperativity of the drug binding; N = number of measurements.

The effects of the same drugs also were evaluated on kinetic parameters of pig brain
mitochondrial MAO-B activity. SigmaPlot calculation of MAO-B kinetics confirmed that the
interaction was noncompetitive for fluoxetine, olanzapine, citalopram and desipramine, mixed for
amitriptyline, imipramine and mirtazapine, and uncompetitive for venlafaxine and tianeptine
(Table 8).

Both lithium and valproate are very weak MAOIs; mechanism of MAO-A or MAO-B

inhibition at high drug concentrations appears to be noncompetitive.
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Comepetitive inhibition of MAOs by drugs means that their inhibition constants K; must be

calculated using Cheng-Prusoff equation; in all other cases K; approximately equals to 1Csg in the

Tables 7 and 8.

Table 8 Inhibition of MAO-B activity in brain crude mitochondrial fraction

Drug 1Cs0 Hill slope M(-'-:chfarfi-sm o
pmol/I inhibition

Fluoxetine 357 + 3.1 1.23 £ 0.12 Noncompetitive 4
Venlafaxine 48.0 + 4.8 1.26 + 0.13 Uncompetitive 10
Amitriptyline 72.1 + 8.0 141 + 0.19 Mixed 8
Olanzapine 79 + 44 0.66 + 0.21 Noncompetitive 9
Citalopram 110 + 11 0.975 + 0.089 Noncompetitive 5
Desipramine 140 + 18 0.859 + 0.085 Noncompetitive 7
Imipramine 452 + 51 1.006 + 0.098 Mixed 5
Tianeptine 526 + 34 165 + 0.14 Uncompetitive 7
Mirtazapine 546 + 108 0.83 + 0.12 Mixed 15
Moclobemide >10000 7
Lithium >10000 6
Valproate >10000 6
Pargyline 0.00820 + 0.00033 1.311 + 0.057 Irreversible 11
Clorgyline 0.346 + 0.019 1.118 + 0.065 Irreversible 6
Iproniazid 1.210 + 0.067 1.156 + 0.064 Irreversible 10

The samples were incubated with drugs at 37 °C for 60 minutes and the reaction was started by the addition of 10
umol/I [**C]phenylethylamine; following incubation at 37 °C for 1 minute, the reaction was stopped by the addition
of hydrochloric acid. The samples were measured in doublets and blank values were deducted.

Values are means + standard deviation. ICsq = drug concentration that is required for 50% inhibition of enzyme
activity; Hill slope = describes the cooperativity of the drug binding; N = number of measurements.
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Fig. 12 Inhibition of basal MAO-B activity by antidepressants in crude mitochondrial

fraction isolated from cortex of pig brain. Dose-response curves are displayed as plots of the initial
activity of MAO-B against the antidepressant concentration. The samples were incubated with drugs at 37 °C for 60
minutes and the reaction was started by the addition of 10 pmol/l [**C]phenylethylamine. Following incubation at 37
°C for 1 minute, the reaction was stopped by the addition of hydrochloric acid. The samples were measured in
doublets and blank values were deducted. Median effective concentrations (ICsy) were calculated using nonlinear
regression analysis software (Table 8). Values are means + standard deviation. Lines represent the best fitted curves
using the four-parameter logistic function.

4.4 Respiratory rate in platelets of depressive persons

11 depressive patients before and after long-term treatment and 16 controls were compared in
the preliminary study of association of depressive disorder with changes in mitochondrial
respiration in intact or in permeabilized platelets.

In intact platelets, physiological respiration (0.061 + 0.010) and maximal FCCP-titrated
capacity of ETS (0.080 £ 0.016) were unchanged before the treatment, but were decreased after
the treatment, compared to controls (0.074 + 0.019 and 0.105 + 0.026, respectively). Similarly,
state 4 (LEAK) was significantly decreased after the treatment (0.0015 + 0.0029), compared both
to controls (0.0043 £ 0.0048) and to state before the treatment (0.0060 + 0.0038). Capacity of

ETS after the inhibition of complex | (Cllgts) by rotenone was increased in patients before the
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treatment (0.0076 + 0.0054) compared to both controls (0.0042 + 0.0039) and patients after
treatment (0.0033 + 0.0023) (Figure 13A).

Net physiological respiration/ETS ratio was significantly increased in depressive patients both
before treatment (0.757 + 0.161) and after the treatment (0.755 + 0.135) compared to healthy
controls (0.656 + 0.97). Residual oxygen consumption/ETS ratio was significantly higher in
depressive patients after treatment (0.202 + 0.077) compared to controls (0.139 + 0.040).
Oppositely, LEAK/ETS ratio was significantly increased before the treatment (0.069 + 0.044)
compared to state after the treatment (0.016 = 0.033). Demonstrated in Figure 13B.

Measurements in permeabilized platelets have shown similar but nonsignificant results.
Routine (initial) respiration was decreased before the treatment as well as after the treatment
compared to controls. Respiration stimulated by complex | substrates (ADP stimulated
respiration) was increased in depressive patients before the treatment (0.146 + 0.038) compared
to controls (0.119 + 0.041) and state after treatment (0.111 + 0.046). Nonsigificant decrease of
respiratory rate in permeabilized platelets of depressed subjects after treatment was observed also
when respiration was stimulated by complex Il (succinate as substrate) or when capacity of ETS
was measured. Respiration with complex | inhibition did not reveal any changes. Depicted in
Figure 14A.

FCR related to initial respiration was significantly decreased in depressive patients before
treatment (0.423 + 0.083) compared to controls (0.557 + 0.134). FCR related to ADP (complex I)
stimulated respiration was increased before treatment (0.577 £ 0.099) compared to controls
(0.489 + 0.080). LEAK/ETS ratio was decreased before treatment (0.140 + 0.031) compared to
controls (0.181 + 0.051) (Figure 14B).
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Fig. 13 Mitochondrial respiration in intact platelets. A — O, flow per cell, B — Flux Control

Ratio (FCR). Platelets were suspended in plasma and/or KH buffer. Samples were measured electrochemically as
described in the section “Materials and Methods”. Physiological respiration was inhibited by ATPase inhibitor
oligomycin and LEAK state (state 4, non-phosphorylating resting state) was induced. The maximal capacity of
electron transport system (ETS) was reached by titration of p-trifluoromethoxyphenylhydrazone (FCCP).
Consequently, complex | was inhibited by rotenone and ETS capacity supported only by complex Il. O, flows per
cell and FCRs of patients were compared to control group and statistical significance was evaluated by the Mann-

Whitney U test (*p<0.05).

76



RESPIRATION OF PERMEABILIZED PLATELETS

0,40
w0 ODepression: befare treatment
3 0,35 +
© ! B Depression: after treatment
o
- 0.30 +H @ Control
o ’
(O]
-&?‘ T T | I
3 0,25 —
e |
o
— 0,20
0,15 [

O, Flow per Cell
o
o

0,00 ‘ ‘ .
Initial ADP stimulated  Succinate LEAK ETS Respiratory
respiration respiration stimulated capacity with
respiration Complex |
inhibition
B RESPIRATION OF PERMEABILIZED PLATELETS
1,2
ODepression: before treatment
1.0 B Depression: after treatment | |
O Control
o
=08
*
o p<0.05
§ versus Control
£0,6
@]
O
3
204 - i
0,2 -+ e 1T
0,0 ’—\—._‘_‘ 1 — £
Initial ADP stimulated Succinate LEAK/ETS Capacity with Residual oxygen
respiration/ETS respiration/ETS stimulated Complex | consumption/ETS
respiration/ETS inhibition/ETS

Fig. 14 Mitochondrial respiration in permeabilized cells. A — O, flow per cell, B — Flux

Control Ratio (FCR). Mitochondrial respiration of platelets resuspended in MiR05 and permeabilized by
addition of digitonin. Samples were measured electrochemically as described in the section “Materials and
Methods”. Initial respiration (state 1) was settled after the stabilization. Substrates of complex | (malate, pyruvate,
ADP, glutamate) and complex Il (succinate) were added (State 3). OXPHOS was inhibited by addition of oligomycin
and LEAK state (state 4) was induced. The maximal capacity of ETS was reached by titration of p-
trifluoromethoxyphenylhydrazone (FCCP). Consequently, complex | was inhibited by rotenone and ETS capacity
supported only by complex Il was determined. Folowing addition of antimycine A residual oxygen consumption was
measured. O, flows per cell and FCRs of patients were compared to control group and statistical significance was
evaluated by the Mann-Whitney U test (*p<0.05).
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5. Discussion

Biological markers of depression and predictors of the antidepressant administration response
are searched on the basis of recently known hypotheses of affective disorders, including
mitochondrial hypothesis. Leading role of mitochondrial dysfunctions both in pathophysiology of

mood disorders and effects of antidepressants was supported by our results.

5.1 Antidepressant effects on mitochondrial functions

Evidences that mitochondrial dysfunctions are included in pathophysiology of psychiatric
disorders have been reviewed recently (Shao et al., 2008; Rezin et al., 2009; Jou et al., 2009).
They include disturbances in activity of mitochondrial enzymes, impaired calcium signalling and
energy metabolism, increased mtDNA deletions, mutations or polymorphisms, and effects of
psychotropic drugs on mitochondria. Recent findings provide the evidence that mood-stabilizing
drugs are able to prevent dysfunctional mitochondrial ETC-induced oxidative damage (Wang,
2007). However, there is almost no data about direct effects of antidepressants and mood
stabilizers on mitochondrial functions; we miss studies comparing effects of pharmacologically
different antidepressants on the activities of key enzymes of citric acid cycle and the ETC.

Effects of selected antidepressants and mood stabilizers on mitochondrial functions were
examined in pig brain mitochondria. Pig is a relatively unusual species for the most
pharmacological studies; however, pig mitochondria are relatively often used in studies of
mitochondrial functions. It may be supposed that the pig brain mitochondria are more similar to
the human brain mitochondria than rodent mitochondria.

5.1.1Citric acid cycle enzymes and respiratory chain complexes

Citrate synthase, a rate-limiting enzyme of the TCA cycle, plays a decisive role in regulating
energy generation of mitochondrial respiration. In in vivo experiments, where venlafaxine was
administered chronically, CS activity was not altered. Increased SDH activity was observed in
prefrontal cortex, whereas SDH activity was not affected in cerebellum, hippocampus, striatum
and cerebral cortex in the brain of rats (Scaini et al., 2010). Drug-induced (by desipramine,

amitriptyline, imipramine, citalopram, venlafaxine, tianeptine, lithium, valproate and olanzapine)
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increase of citrate synthase activity was found in our experiments. It is consistent with finding
that valproate reversed and lithium prevented amphetamine-induced CS inhibition in animal
model (Corréa et al., 2007).

Complex 1 is a rate limiting enzyme for oxygen consumption in synapses and plays a major
role in controlling of OXPHOS (Telford et al., 2009). Complex | plays a major role in controlling
OXPHOS and its abnormal activity can lead to defects in energy metabolism and thereby to
changes in neuronal activity (Pathak and Davey, 2008). Neuroanatomical pattern of complex I
pathology parallels the diversity and similarities in clinical symptoms of schizophrenia, major
depressive disorder and bipolar disorder (Ben-Shachar and Karry, 2008). Complex Il is directly
involved in the TCA cycle (Tomitsuka et al., 2009) and encoded only by nuclear DNA. Complex
IV was suggested as an endogenous metabolic marker for neuronal activity (Wong-Riley, 1989).
However, major role is given to complex I in controlling mitochondrial OXPHOS as a crucial
point of respiration; its abnormality can result in mitochondrial dysfunction (Davey et al., 1998).
We found drug-induced statistically significant decrease of complex | and IV activity for all
tested antidepressants and mood stabilizers. Complex Il activity was only slightly affected by
drugs tested. Our data are consistent with previous data about the role of complex | in mental

disorders and in mechanisms of action of psychotropic drugs (Wang, 2007).

5.1.2Respiratory rate

Action of various drugs applied in pharmacotherapy on mitochondria is rather unknown. Some
drugs have been specifically designed to affect mitochondrial functions; however, most of them
primary act on other cellular targets and may modify mitochondrial functions as adverse effects
(Szewczyk and Wojtczak, 2002). Our results demonstrate that pharmacologically different
antidepressants (amitriptyline, fluoxetine, tianeptine), but not mood stabilizers (lithium,
valproate, olanzapine) can inhibit respiratory rate in mitochondrial preparations from pig brain
tissue. Experimental conditions of the present study, use of the selective substrates malate and
pyruvate for complex I, and succinate for complex Il, allowed the effects of drugs on the
respiration activated through complex | and through complex Il to be evaluated separately.
Hypothesis was confirmed that the pharmacologically different antidepressants or mood
stabilizers could act, at least in part, by inhibition of OXPHOS. Thanks to the wide-range of drug
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concentration in our titration experiments we were able to calculate matching inhibitory
parameters, useful for quantitative comparison of effects of different drugs on mitochondrial
respiratory rate.

Inhibitory parameters calculated in this paper result from total concentrations of drugs added
to crude brain mitochondrial fraction. Situation in various tissues in vivo may be different from
our experimental conditions. This was reason why the effects of commonly used antidepressants
and mood stabilizers on respiratory rate were compared with effects of chlorpromazine, which is
a well-known inhibitor of mitochondrial respiration.

We confirmed and extended previously published results about inhibitory effects of
antidepressants of various pharmacological classes on OXPHQOS. All tested drugs, except for
tianeptine and olanzapine, were more potent inhibitors of respiration activated through complex |
compared to respiration through complex Il. Fluoxetine as well as amitriptyline seem to be
selective inhibitors of respiration through complex I. Tianeptine was found as potent inhibitor of
mitochondrial respiration through both complexes. Contrary, ketamine inhibited mitochondrial
respiration very weakly or not at all, which can be indicative of different mechanism of its action.
All tested mood stabilizers showed only minimal effect on respiratory rate and can be supposed
that direct action of these mood stabilizers on OXPHQOS activity does not participate on their
effects.

In the present study all drugs tested inhibited mitochondrial respiration at higher
concentrations. These concentrations were much higher than therapeutically active plasma
concentrations of antidepressants in vivo. However, most of antidepressants are cationic
amphiphilic molecules, which can be accumulated in brain, membranes and subcellular
components (Caccia et al., 1990; Karson et al., 1993; Fisar et al., 2004; Fisar et al., 2005; Fisar,
2005). The unique physicochemical properties of the mitochondrial matrix may facilitate the
selective accumulation of different xenobiotics in the matrix and/or in the inner mitochondrial
membrane (Szewczyk and Wojtczak, 2002). In the presence of membrane potential the
distribution of charged lipophilic cations across the membrane will equilibrate with membrane
potential leading to the extensive accumulation of the cation in the mitochondrial matrix. There
will be a 10-fold accumulation of the cation within mitochondria for every 61.5 mV (at 37 °C)
increase in membrane potential. As mitochondrial Ay, is typically 140-180 mV, there will be a
several hundred-fold accumulation of lipophilic cations into mitochondrial matrix (Ross et al.,
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2006). However, according to review of literature, there is no simple correlation between
mitochondria targeting capacity and physicochemical properties of drugs. It was concluded that
the most common physicochemical factors underlying selective accumulation of xenobiotics
within mitochondria are electric potential, ion-trapping, and complex formation with cardiolipin;
nonspecific accumulation involves membrane partitioning (Horobin et al., 2007). Thus, high
antidepressant concentration can be expected in mitochondria, sufficient for partial inhibition of
respiratory rate.

Evidently, sourcing from our results, effect of antidepressants (amitriptyline, fluoxetine,
tianeptine) on mitochondrial respiratory rate was inhibitory; effect of mood stabilizers (lithium,
valproate, olanzapine) was negligible. Moreover, there are significant differences between several
antidepressants, regardless of similar physicochemical properties of their molecules. It indicates
the existence of certain selectivity of antidepressant-mitochondria interactions.

Antidepressant-induced decrease of respiratory rate can be associated with adverse effects of
pharmacotherapy with antidepressants. However, the possibility is not excluded that
antidepressant-induced decrease of respiratory rate is initial event in complex cellular response to
antidepressants in intracellular milieu leading to adaptive changes and finally to support of
neuroplasticity. Thus, the hypothesis should be tested that weak antimitochondrial actions of
antidepressants could provide a potentially protective pre-conditioning effect (Calabrese et al.,
2010; Abdel-Razaq et al., 2011), in which antidepressant-induced mitochondrial dysfunction

below the threshold of injury results in subsequent protection.

5.1.3Monoamine oxidase activity

Monoamine oxidase is important mitochondrial enzyme that regulates the metabolic
degradation of monoamine neurotransmitters in neural and other target tissues. We demonstrated
that pharmacologically selective antidepressants can inhibit MAQO activity in mitochondrial
preparations from brain tissue, modulating the monoaminergic systems in this way. Experimental
conditions of the present study, use of the selective substrates 5-HT for MAO-A and PEA for
MAO-B, allowed the inhibitory effects and mechanism of the interactions of antidepressants on
the two MAO isoforms to be evaluated separately. The potency, isoenzymes selectivity and
mechanism of inhibition of representative antidepressants and mood stabilizers towards pig brain

MAO were assessed.
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Enzyme inhibition represents one of the most common strategies in the development of
therapeutic drug candidates. Estimation of an enzyme inhibitor binding affinity is an important
step in predicting in vivo potency, selectivity, and potential for metabolic interactions. The
reliability of the dissociation constant K; as an indicator of in vivo potency and selectivity is
obviously dependent on the accuracy and precision of its in vitro estimation. Hypothesis was
tested that the pharmacologically selective antidepressants or mood stabilizers could act, at least
in part, by inhibition of MAO.

Our study confirmed and extended previous results (Edwards and Burns, 1974; Green and
McGachy, 1987; Reid et al., 1988; Egashira et al., 1996, Egashira et al., 1999; Gnerre et al.,
2001) that antidepressant drugs of various pharmacological classes (tricyclic antidepressants,
SSRI, NRI, SNRI, NaSSA, NDRI, SSRE) show inhibitory effects on MAQOs. All tested
antidepressants were more potent inhibitors of MAO-A than MAO-B (ratio of 1Cso for MAO-A
to 1Cso for MAO-B was lower than 0.1 for moclobemide, and varied from 0.45 for mirtazapine to
0.86 for tianeptine). Different 1Cso or K; values and mechanisms of inhibition by specific
antidepressant were described in various studies; it could be explained both by different
experimental conditions and by diverse data evaluation techniques. In accordance with previous
studies (Mukherjee and Yang 1997; Mukherjee and Yang, 1999; Gnerre et al., 2001) we found
lower affinity of citalopram for MAOs compared to fluoxetine. We observed that olanzapine
(antipsychotic and mood stabilizing drug) exhibit similar inhibitory effect on MAOs as
antidepressants. Direct in vitro inhibitory effect of lithium and valproate was confirmed to be
insignificant (Nag, 2004).

We established that moclobemide is a relatively weak MAO-A inhibitor in vitro; the
dissociation constant of the enzyme-inhibitor complex was found in the range of hundreds of
umol/l (Kettler et al., 1990; Cesura et al., 1992). In spite of its weak MAO-A inhibition in vitro,
moclobemide is a potent inhibitor of MAO-A in vivo (Burkard et al., 1989; Da Prada et al.,
1990); plasma concentrations associated with 50% of maximum enzyme activity were found
about of one pumol/l (Holford et al., 1994; Guentert et al., 1995). This discrepancy suggested that
the compound may be converted in vivo to an active form (Kettler et al., 1990). Reversibility of
MAO-A inhibition was demonstrated in vitro as well as in vivo (Haefely et al., 1993). In vitro
investigations of kinetics of inhibition of MAO-A by moclobemide have shown that inhibition is
time-dependent. Initially, the inhibition is competitive, changing gradually to become

82



noncompetitive (Cesura et al., 1992; Nair et al., 1993). In our experimental conditions
moclobemide shown competitive inhibition of MAO-A.

In the present study all drugs tested inhibited MAQOs at higher concentrations. These
concentrations were much higher than therapeutically active plasma concentrations of
antidepressants in vivo. However, the brain levels of drugs are a reflection not only of their
plasma concentrations, but also of their distribution between plasma and red blood cells (Fisar et
al., 1996; Fisar et al., 2006). E.g. the apparent concentration of fluoxetine in brain relative to
plasma was found 20:1. The brain concentrations of fluoxetine/norfluoxetine were found to reach
to 35 umol/l (Karson et al., 1993). It has also been shown that fluoxetine is present in subcellular
components of the rodent brain, including mitochondria and synaptosomes (Caccia et al., 1990).
Thus, with high subcellular concentrations and micromolar affinities for MAO, fluoxetine has the
potential to exert a significant inhibitory effect on the enzyme. Consequently, the possibility
cannot be excluded that MAO activity is affected due to long lasting action of amphiphilic
antidepressants and their accumulation in mitochondrial membrane during chronic treatment.

Since MAO is embedded in the outer mitochondrial membrane, lipid-protein interactions play
a role in the functional properties of MAOs (Huang and Faulkner, 1981; Fowler et al., 2007), and
antidepressants are capable of changing membrane fluidity, it can be speculated about role of
accumulation of antidepressants in the lipid bilayer in their effect on MAO activity. However, it
seems that fluidity modulation is not the cause of MAO inhibition (Muriel and Pérez-Rojas,
2003).

The analysis showed that mechanism of inhibition of MAOs by antidepressants may differ
with respect both to different drug molecules and to MAO substrates. Competitive inhibition was
found for moclobemide and olanzapine only when 5-HT was used as substrate. Competitive
inhibition would be consistent with drug binding to the active sites of the MAO-A. Fluoxetine,
amitriptyline, citalopram and tianeptine retain the same mechanism of inhibition both for MAO-
A and MAO-B.

Inhibitory and kinetic parameters calculated in this paper result from total concentrations of
drugs added to crude brain mitochondrial fraction. Situation in various tissues in vivo may be
different from our experimental conditions. This was reason why the effects of commonly used
antidepressants and mood stabilizers on MAQOs activity were compared with effects of well-
known MAO inhibitors such as iproniazid, pargyline and clorgyline. The results shown that all
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tested antidepressants are much weaker MAOs inhibitors compared to these irreversible MAOIs.
It was suggested that inhibition of brain MAO could contribute to slowing, halting and maybe
reversing of neurodegeneration (e.g. in dopaminergic neurons) which was initiated by oxidative
stress (Youdim et al., 2006). Neuroprotection has been uncovered as common effect of long-term
treatment of mood disorders and Parkinson’s disease with different antidepressants, mood
stabilizers and antipsychotics. The molecular mechanism of neuroprotection is not yet clear;
however, it is obvious that reduction of local oxidative stress is a major component, and MAO
inhibition participates in this reduction.

An unanswered question in the field pharmacotherapy of mental disorders is why some
individuals are more vulnerable than others to substance use disorders or to therapeutic effects of
psychotropic drugs. Differences both in drug metabolism and in activity of neurotransmitter
systems are included in interindividual differences in response to drug treatment. Antidepressants
and numerous other widely used drugs also are unlabeled MAO inhibitors. Exact physiological
role of MAO inhibition by antidepressants tested (except for moclobemide) is not known,
however, the effects of drugs on MAQO activity may contribute to their modulation of monoamine
neurotransmission in the brain. It can be speculated that inhibition of MAO by pharmacologically
different antidepressants could contribute to the regulation of mood and emotions or to the
interindividual differences in the drug response.

In general, pharmacologically different antidepressants were found to be rather weak MAO
inhibitors. There is evident discrimination both between several drugs and the two MAO
isoforms. Because in vitro inhibition of MAOs by antidepressants was demonstrated and there is
drug accumulation in the brain tissue, hypothesis was supported that in vivo inhibition of MAO
by pharmacologically selective antidepressants would amplify their effects on serotonergic,
noradrenergic and dopaminergic neurotransmission. Although it is always difficult to extrapolate
in vitro studies to the clinical reality, the present results suggest that inhibitory effect of

antidepressants on MAO activity cannot be neglected.

5.2 Mitochondrial respiration in platelets of depressive subjects

We examined temporal changes of oxygen consumption in blood platelets of depressive
patients before the treatment, after the treatment, and in controls. Effects of psychotropic drugs

on mitochondria contribute to their role in psychiatric disorders (Hroudova and Fisar, 2011;
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Hroudova and Fisar, 2010). Reversely, psychiatric symptoms often preceded the diagnosis of
mitochondrial disease (Fattal et al., 2006; Fattal et al., 2007). The result of impaired
mitochondrial functions is complex and includes increased generation of reactive oxygen and
nitrogen species, decreased antioxidant levels and changes of balance between antiapoptotic and
apoptotic factors (Calabrese et al., 2000). Both disturbed production and detoxification of
reactive oxygen and nitrogen species participate on physiological effects of mitochondrial
dysfunctions (Starkov 2008; Maes et al., 2012; Horan et al., 2012).

Platelets are an easy available source of mitochondria and were proved to be suitable for
analysis of mitochondrial respiration. Energy metabolism of human platelets is composed of
oxidative phosphorylation and glycolysis, both energy pathways are necessary for normal
function of platelets. Interrelationship between these two pathways is mediated by ADP/ATP
ratios (Doery et al.,, 1970). Mitochondrial functions were assessed both in intact and
permeabilized blood platelets. Measurement of respiration during action of appropriate
endogenous and exogenous substances enables the identification of the primary sites of effectors
and the distribution of control, allowing deeper quantitative analyses (Brand and Nichols, 2011).
Addition of different substrates is important to stimulate the flow of electrons from ETC
complexes and allows the identification of specific malfunctioning complexes. Assessments of
cellular respiration were performed immediately after the blood taking, as ATP synthase and
complex IV activities can be declined during storage (Diab et al., 2012). Evaluation of oxygen
flux was expressed by two parameters: 1. oxygen flow per cells, a system-specific quantity
relative to blood platelets; and 2. flux control ratio (FCR) calculated as ratio of respiratory rate at
a reference state to maximal respiratory capacity of ETS.

In our preliminary experiments with intact platelets, both physiological mitochondrial
respiration and maximal capacity of ETS were significantly decreased in depressive patients
after the treatment but not before treatment compared to controls. Net physiological
respiration/ETS capacity ratio was significantly increased in depressive patients both before
treatment and after the treatment compared to healthy controls. Higher flux control ratios indicate
higher percent of utilization of respiratory system in depression; we hypothesize that it reflects
adaptive response to increased cellular stress during depression. We suppose that decrease of

respiratory rate in depressed subjects after treatment reflects inhibitory effect of antidepressants,
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which was observed in our in vitro experiments. Measurements in permeabilized platelets support
these suggestions.

Recent findings of mitochondrial changes induced by antidepressants and mood-stabilizing
drugs support the suggestion that mitochondrial dysfunction could be a primary event in mood
disorders. However, it remains to be determined if mitochondrial dysfunction is rather a causal or
a consequential event of abnormal signalling, and if effects of antidepressants and mood
stabilizers on mitochondrial functions are related rather to therapeutic or to side effects of
pharmacotherapy. We propose that changes in oxygen consumption may participate in
pathophysiology of depression. Increased FCR in depressive subjects might be a result of the
depressive disorder as well as treatment with antidepressants; our data indicates determining role
of antidepressant-induced decrease of mitochondrial respiratory capacity. Better insight into
molecular mechanisms of cellular respiration and control of OXPHOS is likely to lead to better
understanding of pathophysiology of psychiatric disorders or interindividual variations in
response to pharmacotherapy. However, a systematic in vivo investigation of the antidepressants
or mood stabilizers effects on respiratory rate is necessary to confirm the clinically important

conclusion.
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6. Conclusions

Biological markers of depression, predictors of the response to the drug administration and
molecular targets of new antidepressants are searched on the basis of recently known hypotheses
of affective disorders. We come out mostly from stimuli of neurotrophic hypothesis and
mitochondrial hypothesis. According to these hypotheses, the leading role in the pathophysiology
of mood disorders and therapeutic effects of antidepressants have mitochondria, which are
destined for changes in energetic metabolism of cells. Mitochondrial dysfunctions and thereby
impaired neuronal metabolism can lead to disturbances in neuronal function, plasticity and brain
circuitry. Impaired functions of mitochondria contribute to a wide range of diseases; the role of
mitochondria in the pathophysiology of schizophrenia, bipolar disorder, and major depressive
disorder is supported by studies investigating genomic differences, changes of energy metabolism
and mitochondrial changes included. Variations in the mitochondrial genome as well as defects
of ETC have been implicated in the pathogenesis of psychiatric diseases.

We confirmed the presumption that interactions between psychopharmaca and OXPHOS can
significantly influence intracellular processes related to psychiatric disorders. Supposing that the
mechanism of action of antidepressants and mood stabilizers is related to processes implicated in
pathophysiology of mood disorders, our results designate complexes | and IV of respiratory ETC
both as targets of these drugs and as components modified during the illness. These
mitochondrial enzymes are suggested as proper candidates in searching for new biological
markers of mood disorders, targets of new antidepressants or predictors of response to
pharmacotherapy.

Our findings of mitochondrial changes induced by antidepressants and mood-stabilizing drugs
support the suggestion that mitochondrial dysfunction could be a primary event in mood
disorders. Variability in intracellular processes probably participates in the interindividual
differences of the response to treatment with antidepressant or in drug resistance. However, it
remains to be determined if mitochondrial dysfunction is rather a causal or a consequential event
of abnormal signalling, and if effects of antidepressants and mood stabilizers on mitochondrial
functions are related rather to therapeutic effects or to side effects of pharmacotherapy.

In vitro results comprised marked drug-induced changes of mitochondrial enzymes activities.
Differences in inhibitory potency and in mechanism of inhibition have been found between

several drugs. Antidepressants, but not mood stabilizers, seem to be potent partial inhibitors of
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mitochondrial respiration supported both complex | and complex Il substrates. MAOs, citrate
synthase and complexes | and IV of ECT were the most affected mitochondrial enzymes and they
can be suggested as proper candidates for biological markers of mood disorders, targets of new
pharmaca or predictors of response to pharmacotherapy. Effect of newly synthetized
psychotropic drugs on mitochondrial respiration should be included in their testing to discover
their mitochondrial toxicity and/or potential neurotrophic effects; high-resolution respirometry is
suitable sensitive technique for these measurements. Multiple substrate-uncoupler-inhibitor
titration protocols for high-resolution respirometry are useful for sensitive and accurate
measurement of respiratory rate in both intact and permeabilized human platelets. Mitochondrial
respiration is affected by antidepressants significantly more than by depressive disorder in itself.
Relationships of antidepressant-induced changes in cellular respiration to adverse or therapeutic
effects of pharmacotherapy need to be discovered.

Results from our measurements and analyses revealed how far mitochondrial functions are
sensitive to effects of antidepressants and mood disorders. The methodology of in vitro
measurement has been consequently modified to measure the same mitochondrial parameters
(respiratory rate and mitochondrial enzyme activities) in blood platelets of depressive patients.
Analysis of these data enabled us to determine suitable mitochondrial parameters, which are
measurable in peripheral blood. Acceptable parameters could be further studied as potential
biological markers of the disorder, in order to get them in early diagnostics of depressive
disorder, prediction of efficacy or occurrence adverse effects of pharmacotherapy, and possibly

use them as intracellular targets of newly developed antidepressants.
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