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Elevated concentration of homocysteine (Hcy) in the blood plasma, hyperhomocysteinemia (HHcy), has been implicated
in various disorders, including cardiovascular and neurodegenerative diseases. Accumulating evidence indicates that
pathophysiology of these diseases is linked with mitochondrial dysfunction. Mitochondria are essential for maintaining
cellular homeostasis and function. The interaction between Hcy and mitochondria is complex and reactive oxygen species
(ROS) seem to be important mediators of Hcy effects. Although oxidative damage to mitochondria is frequently
demonstrated under HHcy, Hcy may have also beneficial effects on mitochondrial function and cell viability.
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| 1. Introduction

Homocysteine (Hcy) is a sulfur-containing amino acid (Figure 1) formed during metabolism of methionine, an essential
amino acid derived from dietary proteins. The metabolic pathway involved in Hcy formation is important due to formation
of S-adenosylmethionine (SAM), a source of methyl group for methylation reactions, such as DNA methylation or
formation of catecholamines. S-adenosylhomocysteine (SAH), which is formed from SAM after transfer of methyl group to
various substrates, is hydrolyzed by SAH hydrolase to Hcy and adenosine. Released Hcy can be remethylated to
methionine via folate and vitamin Bq,-dependent reaction and/or catabolized to amino acid cysteine by the vitamin Bg-
dependent pathway. Deficiencies in vitamins and/or enzymes involved in Hcy metabolism as well as some pathological
conditions result in elevated blood plasma concentrations of Hcy, called hyperhomocysteinemia (HHcy). Hcy can induce
cellular and molecular oxidative injury through reactive oxygen species (ROS) . Hcy-induced oxidative stress may result
from direct ROS formation via autooxidation in the presence of transition metals, activation of oxidant systems, and
inhibition of antioxidant systems @&l Impairment of epigenetic control mechanisms of gene expression, such as DNA
methylation, histone modification, and non-coding RNA, is another possible mechanism of Hey toxicity [4. Beyond this,
Hcy can change structure and function of proteins by binding to their lysine or cysteine residues; these post-translational
modifications (PTMs) are known as N- and S-homocysteinylation, respectively. These mechanisms of Hcy-mediated injury
are not mutually exclusive, since altered expression and PTMs of proteins involved in prooxidant/antioxidant pathways
can lead to increased cellular oxidative stress and, oppositely, free radicals can induce alterations in gene expression and
oxidative PTMs of proteins.
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Figure 1. Structural formula of homocysteine (M, = 135.2).

Mitochondria fulfill many essential cellular functions, and mitochondrial disorders are associated with development of
various neurological and cardiovascular diseases. Hcy, a widely accepted risk factor for these diseases, affects normal
mitochondrial structure and function, including energy production, mitochondrial dynamics, and cell survival and death
(Figure 2).

| 2. Mitochondrial Energy Metabolism and Oxidative Stress

Mitochondria play an essential role in energy production via the electron transport chain (ETC) coupled with oxidative
phosphorylation (OXPHOS). The series of redox reactions provide free energy, which drives pumping of protons into the
intermembrane space creating an H* electrochemical gradient-membrane potential (W) across the inner mitochondrial
membrane. In turn, this membrane potential is used as a source of energy to synthesize ATP by complex ATP synthase.
HHcy results in decreased mitochondrial respiration associated with reduced activities of ETC complexes and diminished
ATP production BIEIE Moreover, ETC seems to be a major source of ROS under HHcy B, ROS-induced damage to
mitochondrial DNA and proteins was demonstrated in the cardiac, brain, and vascular tissues [EIA0 HHcy also affects



expression of enzyme antioxidants via Keap1-Nrf2 signaling pathway, the major regulator of cellular redox homeostasis.
Diverse mechanisms through which Hcy can modulate this pathway under different conditions may result in activation or
inhibition of antioxidant enzymes [LUL2][13]

| 3. Homocysteine and Mitochondrial Apoptotic Pathway

ROS and mitochondrial damage promote the intrinsic, also called mitochondrial, apoptotic pathway. Decreases in
membrane potential and ATP content and increased mitochondrial membrane permeability allow for translocation of pro-
apoptic factors leading to the activation of the caspase signaling pathway and apoptosis. In cardiovascular and
cerebrovascular systems, HHcy induces apoptosis via disturbed mitochondrial homeostasis and oxidative stress.
Decreased mitochondrial membrane potential, upregulation of pro-apoptotic and downregulation of anti-apoptotic proteins,
release of cytochrome c, or activation of caspase-9 and its downstream caspase-3 was shown in different cell lines, as
well as in animal models [2I12][14]

Inflammation plays an important role in vascular disease and hypertension. HHcy promotes vascular inflammation via
activation of Toll-like receptor 4 (TLR-4), leading to initiation of mitochondrial apoptotic cell death 14,

| 4. Homocysteine and Mitochondrial Dynamics

Mitochondrial dynamics is an important mechanism of regulation of mitochondrial morphology and function. This term
encompasses mitochondrial fusion, fission, transportation, and selective degradation—mitophagy. In mammalian cells,
mitochondrial fusion is controlled by mitofusins 1 and 2 (Mfn 1 and Mfn2, respectively) located in the outer mitochondrial
membrane, and optic atrophy 1 (Opal) protein, which regulates fusion of inner membranes. Mitochondrial fission is
mediated by cytosolic GTPase dynamin-related protein (DRP1), which binds to outer membrane receptors, like Fis 1, to
constrict both outer and inner membranes and divide the mitochondrion into two daughter organelles. By fission, a
daughter mitochondrion, which may contain deleterious or damaged components, is removed via mitophagy. In mouse
brain endothelial cells, Hcy upregulated DRP1, Mfn2, and autophagy marker LC-3 (151, Studies on retinal ganglion neurons
show Hcy-induced disbalance of mitochondrial fusion and fission. Using cystathione-f-synthase-deficient mice as a model
of moderate HHcy, increased expression of Opa 1 and Fis 1 proteins in retinal ganglion neurons was demonstrated [L8l.
The alterations in Opa 1 and Fis 1 levels were associated with increased mitochondrial fission as suggested by the
increased number of small mitochondria (18],



Figure 2. Simplified overview of homocysteine effects on mitochondria. Reactive oxygen species ROS, produced in the

electron transport chain ETC or through autooxidation of Hcy, are important mediators of Hcy effects on mitochondrial

function. ROS-associated oxidative damage to mtDNA and post-translational modifications PTMs of proteins result in

altered content and/or function of mitochondrial proteins, including components of the ETC, antioxidant/pro-oxidant

enzymes, membrane carriers, and receptors. Altered function of mitochondrial proteins may result in further increases in

ROS levels, accumulation of Ca?* ions mediated by mitochondria—ER crosstalk, decrease in ATP production, decreased

membrane potential, and initiation of mitophagy and apoptosis.
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