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Redox post-translational modifications are derived from fluctuations in the redox potential and modulate protein

function, localization, activity and structure. Amongst the oxidative reversible modifications, the S-glutathionylation

of proteins was the first to be characterized as a post-translational modification, which primarily protects proteins

from irreversible oxidation. S-nitrosylation, another post-translational modification, was identified in the past, but it

was re-introduced as a prototype cell-signaling mechanism, one that tightly regulates core processes within the

cell’s sub-compartments, especially in mitochondria. S-glutathionylation and S-nitrosylation are modulated by

fluctuations in reactive oxygen and nitrogen species and, in turn, orchestrate mitochondrial bioenergetics

machinery, morphology, nutrients metabolism and apoptosis.

glutathionylation  nitrosylation  redox  mitochondria  neurodegeneration  Alzheimer's

Parkinson's  ALS  Friedreich's

1. Introduction

Reactive oxygen and nitrogen species (RONS) are byproducts of aerobic metabolism and constitute essential

signaling molecules . The RONS signaling cascade is mediated by the oxidation–reduction (redox)-based post-

translational modifications (PTMs) of proteins .

The mammalian brain is a major source of RONS due to its high metabolic activity . Consequently, redox PTM-

mediated signaling is pivotal for the brain under normal physiology . In contrast, under pathological conditions,

aberrantly produced RONS cause oxidative and/or nitrosative stress, which, in turn, damages DNA, proteins and

lipids and leads to impaired cellular function . The mitochondrial oxidative phosphorylation (OXPHOS) system

and enzymes such as NADPH oxidases (NOXs) and nitric oxide synthases (NOSs) are the main sources of RONS

in aerobic organisms . Some major RONS are hydrogen peroxide (H O ), hydroxyl radical (OH), superoxide

anion (O ), nitric oxide (NO) and peroxynitrite (ONOO ) . Concomitantly, there is a tightly modulated machinery

that reduces the levels of RONS in the cell, which is constituted by small molecules (ascorbate, cysteine,

glutathione (GSH) and proteins glutathione peroxidases (GPxs), catalases (CATs), superoxide dismutases (SODs)

and peroxiredoxins (PRDXs)) . Under eustress (normal physiological conditions), there is a balance

between RONS production and reduction, whereas any imbalance in this system causes oxidative/nitrosative
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stresses . The complex crosstalk between reactive oxygen species (ROS) and reactive nitrogen species

(RNS) triggers a downstream cascade of events that collectively are termed redox signaling .

The main targets of redox PTMs are proteins due to their high abundance and increased rate constants for

oxidation reactions . While redox PTMs can happen on almost every amino acid, redox modifications of

thiol happen only on cysteine (Cys) residues. Cys residues constitute the primary drivers of redox signaling due to

their high rates of oxidation, which are mostly reversible, and reduction . Cys residues can be targets of multiple

redox PTMs due to the electronic structure of the thiol (-SH) group, which allows for multiple oxidation states

(ranging from −2 to +6) ; for example, protein disulfide isomerase (PDI) can be both S-nitrosylated and S-

glutathionylated at its reactive thiols . The redox PTMs of Cys in proteins have multiple effects on the particular

protein (Figure 1). Under eustress, only a subset of redox-sensitive Cys residues within proteins is susceptible to

multiple redox PTMs, whereas, under oxidative and/or nitrosative stress, even lowly reactive Cys residues undergo

multiple redox PTMs, which can be excessive and/or irreversible . Redox PTMs in proteins might act as a

“redox-switch” that modifies the protein’s function: for instance, rendering an enzyme active or inactive . Redox

PTMs can alter the protein structure via disulfide bond formations, Cys-dependent metal cofactors interactions and

the modulation of the topography of the protein . Moreover, redox PTMs can modify the stability and

degradation of the target protein, which depends on the oxidation status, which is reversible or irreversible, via

ATP- or ubiquitin-dependent or independent mechanisms . Finally, the redox status of a protein can affect its

localization and translocalization: for instance, by changing the conformation of a protein and rendering it available

for interactions with other proteins that translocate into other subcompartments . Collectively, this continuum

of the reactive Cys residues of proteins constitutes a redox-sensing mechanism with which the cell reacts to the

differential level of RONS and adjusts to its redox status via multiple downstream effects (Figure 1).
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Figure 1. Redox post-translational modifications effects on proteins structure, function, location and turnover.

ROS/RNS can modify amino acid residues of a protein by S-sulfenylation (–SOH), intermolecular and

intramolecular disulfide bonds (–SS–), S-sulfinylation (–SO H), S-nitrosylation (–SNO), S-glutathionylation (–SSG),

S-sulfonylation (–SO H), nitration (–NO ) and carbonylation (–CO: carbonyl groups). Based on its redox PTMs, a

protein can act as a chaperone (A), change the conformation that activates or deactivates its enzymatic function

(B), irreversibly oxidize it and trigger ubiquitin-mediated proteasomal degradation (C), modulate its conformation

and oligomerization (D), regulate its secretion in extracellular space (E) and trigger its translocation into sub-

compartments, thus acting as a signaling molecule (F). Created with BioRender.com.
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Aberrant redox PTMs, including S-glutathionylation and S-nitrosylation, can alter multiple processes within the cell

and have been extensively studied, mainly separately, in mitochondria homeostasis and neurodegenerative

diseases . Of particular importance and extensively reviewed in the following sections is the trigonal

interaction of oxidative/nitrosative stress, mitochondrial dysfunction and neurodegeneration. Both S-

glutathionylated and S-nitrosylated proteins were incorporated here, with a particular focus on mitochondrial

proteins or proteins that directly affect mitochondria and that have been extensively investigated (or their role is still

elusive) in neurodegenerative disorders, including Alzheimer’s disease (AD), Parkinson’s disease (PD),

amyotrophic lateral sclerosis (ALS) and Friedreich’s ataxia .

Here, it is to bring together and compare S-glutathionylation and S-nitrosylation processes that regulate

mitochondria and interfere with or exacerbate neurodegenerative disorders. By doing so, the converging redox-

induced mechanisms between neurodegenerative disorders might unravel commonalities in neurodegeneration or

aging processes and, thus, contribute to novel therapeutic approaches beyond antioxidant supplementation, which

has failed in clinical trials . While the focus was mainly on AD, PD, ALS and Huntington’s disease in the majority

of other reviews that had the same purposes, the focus is on neurodegenerative disorders where mitochondria

dysfunction and S-glutathionylation/S-nitrosylation have been proposed to interfere with the disease’s

pathogenesis. In addition, the focus is brought to Friedrich’s ataxia, which is a mitochondrial neurodegenerative

disorder in which nitric oxide-mediated S-nitrosylation signaling has not yet been investigated, and the research

field is urged to shed light on that aspect of the disorder by discussing the data that indirectly indicate its possible

importance. The major objectives of here are to re-introduce redox PTMs as ROS/RNS-induced cell signaling

processes with pivotal roles in mitochondria homeostasis and neurodegeneration and as converging mechanisms

between homeostasis, aging and neurodegenerative disorders. Given the significant leap in authors' scientific

knowledge about their multiverse roles in the last two decades, particularly in neurodegenerative disorders, herein,

it is to combine previous and new data demonstrating not only their independent roles but also their interdependent

function that orchestrates mitochondria regulation and triggers or exacerbates neuronal degeneration.

Herein, it has some limitations concerning the extent of biochemical principles governing the multiple ways that can

lead to S-glutathionylation and S-nitrosylation of proteins. For this reason, appropriate literature was cited for the

particular cases where biochemical processes are not extensively described. Despite that, the topics covered

herein focus on signaling pathways for which the information stated is adequate for the reader to comprehend

thoroughly the cellular processes implicated in mitochondria homeostasis and disease.

2. Protein S-Glutathionylation

Protein S-glutathionylation (PSSG) is a reversible oxidative post-translational modification that is mediated by the

conjugation of glutathione (GSH) to an exposed Cys residue (-SH). The S-glutathionylation of mitochondria

proteins is highly sensitive to local fluctuations in redox status, particularly via the alterations of the ratio between

reduced and oxidized glutathione (GSH/GSSG) . Proteins can be S-glutathionylated either non-enzymatically or

enzymatically (Figure 2). Non-enzymatic protein S-glutathionylation takes place via different mechanisms that

have been extensively reviewed by many authors . Non-enzymatic protein S-glutathionylation is very non-
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specific and primarily occurs under oxidative stress. In mitochondria under oxidative stress, proteins can be hyper-

glutathionylated, and this effect can be utilized as an oxidative stress marker . Under normoxia, a number of

mitochondrial proteins are S-glutathionylated at specific Cys residues in a reversible, sensitive-to-redox-fluctuations

and enzymatically driven manner. S-glutathionylation reactions have been particularly investigated in cytosol where

glutaredoxin 1 (GRX1) resides while being the chief enzyme responsible for PSSG de-glutathionylation . The

mitochondrial GRX1 isozyme, GRX2, is only ~34% identical to the sequence of GRX1 but shares the exact same

catalytic mechanism . The sequence differences between GRX1 and GRX2 are important for their regulation.

GRX2, unlike GRX1, has no exposed thiol, making it less susceptible to ROS-mediated deactivation. Moreover,

GRX2 forms a homodimer that is stabilized by a 2Fe-2S cluster, for which its disassembly by ROS superoxide,

O , leads to the release of active monomeric GRX2. This regulation potentiates the link between S-

glutathionylation and mitochondrial ROS . Both GRX2 and GRX1 can mediate S-glutathionylation, but the exact

mechanisms are still elusive. GRX2 has been documented in mediating Complex I (CI) and UCP3 S-

glutathionylation and de-glutathionylation; the significance of these reactions will be discussed in the following

sections . It is also worthy of mention that Glutathione-S-transferases (GST Pi and Mu) have been shown to

perform S-glutathionylation in cytosol and GST Alpha, Kappa, Mu, Pi and Zeta have been proposed to have similar

functions in mitochondria . The small oxidoreductase, sulfiredoxin (SRX), catalyzes the reduction of sulfinic

acid derivatives into two Cys peroxiredoxins; therefore, it has been proposed to have deglutathionylation activity,

too  (Figure 2).

Figure 2. General mechanisms of S-Glutathionylation and Deglutathionylation. Under oxidative stress, proteins can

be S-glutathionylated non-enzymatically or enzymatically via GRX and GST. The reverse reaction,

deglutathionylation, takes place non-enzymatically, upon increased levels of GSH to GSSG, or enzymatically, not

only via GRX primarily but also TRX, SRX and PDI. During aging, a subset of proteins is S-glutathionylated,
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promoting neuroprotection. Upon increased levels of ROS, potentially at early stages of neurodegeneration,

increased levels of S-glutathionylation protect proteins from irreversible oxidation and degradation while

simultaneously modifying cellular homeostatic mechanisms to compensate for increased ROS. Aberrant S-

glutathionylation in neurodegenerative disorders exacerbates disease pathology, ultimately leading to neuronal

damage. Created with BioRender.com.

While there are many sources for mitochondrial ROS, mitochondrial regulations by redox switches depend on

mitochondrial densities, protein thiols contents, the import of GSH and export of GSSG and the reduction of GSSG

to GSH by glutathione reductase . In the following sections, S-glutathionylation in mitochondria’s core

processes will be discussed and its effect on various proteins and enzymes, highlighting the impact on

mitochondrial metabolism and function.

2.1. Regulation of OXPHOS System by S-Glutathionylation

Most information about how redox switches affect mitochondria thiols has been accrued by the multiple studies on

the impact of S-oxidation in the OXPHOS system (Figure 3). The CI of the mitochondrial electron transport chain

(ETC) was the first OXPHOS component that was identified to be S-glutathionylated. The oxidation of cysteine

residues on the 51-kDa and 75-kDa subunit in CI can be protected from irreversible oxidation by S-glutathionylation

. While the S-glutathionylation of CI decreases its activity, this modification is reversible by deglutathionylation

via GRX2 . Another important role of the S-glutathionylation of CI is that it diminishes O  production by

sterically blocking the NADH’s binding site . However, the other S-glutathionylation of CI has also been shown to

increase O  emissions but only under prolonged S-glutathionylation . It is important to correlate the S-

glutathionylation of CI with the S-glutathionylation of the α-ketoglutarate dehydrogenase complex (KGDH) since

KGDH produces the NADH that is utilized for oxidation by CI and both enzymes produce ROS. Both the S-

glutathionylation of KGDH and CI diminish their activity under excess H O . Once the levels of H O  and O  are

back to normal, CI and KGDH are deglutathionylated by GRX2 and are active again . In contrast to CI, Complex

II (Succinate dehydrogenase (SDH) S-glutathionylation increases the activity of the enzyme. In particular, CII is

persistently S-glutathionylated at the 70-kDa FAD binding subunit; thus, this constitutive modification is considered

to be optimal for the CII’s activity . Complex V (ATP synthase, α subunit) has also been shown to be

glutathionylated, and this modification diminishes ATP production by blocking nucleotide binding . The temporary

glutathionylation of CV might act synergistically with CI and KGDH glutathionylation upon increased levels of ROS.

Additionally, this modification diminishes ATP hydrolysis and, consequently, proton leaks, thus preventing the

depolarization of the mitochondrial inner membrane .

[42][47]

[48][49]

[42]
2

−

[50]

2
− [51]

2 2 2 2 2
−

[52]

[49]

[53]

[54]



S-Glutathionylation and S-Nitrosylation in Mitochondria: Homeostasis and Neurodegeneration | Encyclopedia.pub

https://encyclopedia.pub/entry/39180 7/22

Figure 3. S-Nitrosylation and S-Glutathionylation roles in mitochondria redox-metabolism interplay. The targets of

S-glutathionylation in the TCA cycle are PDH, ACN, IDH, KGDH, SDT and MDH. The S-glutathionylation of TCA

cycle enzymes protects them from irreversible oxidation until the redox status is impaired and inhibits ROS

production and electrons transfer to the ETC to further minimize the ROS levels under oxidative stress. Complex I

and V inhibitions by S-glutathionylation share similar purposes with the S-glutathionylation of TCA cycle enzymes

and ultimately minimize ROS production. Only Complex II S-glutathionylation has been shown to be integral for its

constitutive activity. Under excessive ROS, the glutathionylation of ANT and VDAC prevents the formation of MPTP

in inhibiting apoptosis, whereas UCP glutathionylation increases ROS formations. The targets of S-nitrosylation in

the TCA cycle are ACN, KGDH and SDH, which in turn inhibits their function to minimize ROS. All mitochondria

Complexes I-V can be nitrosylated under increased oxidative/nitrosative stress both to minimize ROS production

and to scavenge NO. Under basal NO levels, the S-nitrosylation of VDAC and MPTP constituents inhibits their

functions in providing protection from apoptosis, whereas under excessive NO levels, aberrant S-nitrosylation

activates VDAC-mediated cytochrome c release and apoptosis or/and CYPD S-nitrosylation, the activation of

MPTP, the ablation of ATP production and necrosis (OMM: outer mitochondrial membrane; IMM: inner

mitochondrial membrane). Created with BioRender.com.

2.2. Regulation of Nutrient Metabolism by S-Glutathionylation
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The tricarboxylic acid cycle (TCA) is the most central mechanism for both anaerobic and aerobic organisms. In

aerobic organisms, the TCA cycle provides the essential building blocks for macromolecules and strips electrons

from nutrients in order to provide ATP. The impact of TCA cycle enzyme S-glutathionylation is enzyme-dependent

(Figure 3). Aconitase (ACN) can be reversibly S-glutathionylated at its 4FE–4S cluster upon H O  bursts .

However, this modification does not disassemble its 4FE–4S cluster due to its interaction with the Frataxin protein

. Only upon excessive stress is ACN irreversibly deactivated due to the 4FE–4S cluster’s disassembly .

NADP-dependent isocitrate dehydrogenase (IDH), which contributes to the NADPH pool in mitochondria, can be

inactivated by S-glutathionylation and that might hamper its reducing power, which is necessary in order to

preserve the antioxidant’s defense system . As mentioned above, KGDH can be glutathionylated and reversible

oxidation might have a dual role, which includes the modulation of the flow of metabolites via the TCA cycle and

amino acid metabolism and the accumulation of 2-oxoglutarate, which in turn quenches H O  and minimizes H O

production . Pyruvate dehydrogenase (PDH) can be also regulated by reversible S-glutathionylation on its E2

subunit in a similar manner to KGDH . It has been reported that excessive S-glutathionylation inhibits lipid

oxidation, thus decreasing fatty-acid-supported OXPHOS . More specifically, mitochondrial long-chain fatty acid

oxidation demands the mitochondrial import of long-chain fatty acyl carnitine esters. CACT is an antiporter that is

impeded in the mitochondrial inner membrane, which exchanges acyl-carnitines for L-carnitine from the matrix .

When the ratio of GSH/GSSG is low, the capacity of CACT for exchange is inhibited by S-glutathionylation .

Collectively, both KGDH and PDH are supposed to be redox sensors, and their capacities to commit carbon to

further oxidation are redox-regulated. In a similar manner, malate dehydrogenase (MDH) and succinate-CoA

translocase (SDT) are both inactivated by S-glutathionylation . These modifications in the OXPHOS system and

TCA cycles link the modulation of nutrient delivery and oxidation in mitochondria to S-glutathionylation reactions

(Figure 3).

2.3. Regulation of Mitochondrial Permeability Transition Pore and Apoptosis by S-
Glutathionylation

It has been reported that uncoupling proteins (UCPs) modulate ROS release via proton leaks in mitochondria,

supporting the hypothesis that they assist in diminishing oxidative stress and modulating the relationship between

ROS and fuel metabolism . Several studies demonstrated that UCP2 and UCP3 (mostly expressed in

muscle) are modified by S-glutathionylation, which affects ROS levels . The S-glutathionylation of UCP2 and

UCP3 leads to increased ROS production, whereas deglutathionylation increases mitochondrial respiration,

diminishes ROS production and lowers mitochondrial membrane potential . In the particular case of UCP3, the

importance of its glutathionylation was exemplified by the discovery that GRX2 is required for its modification upon

its increase in membrane potential and high levels of mitochondrial ROS . Mitochondria tightly regulate the cell’s

fate by harboring several death factors, including the apoptogenic factor cytochrome c . Amongst the many ways

that mitochondria can facilitate cell death, one involves the opening of mitochondrial permeability transition pores

(MPTPs). MPTP opening is induced by many stressors and high ROS, serving as a redox sensor, for which its

modulation can be attributed to the S-glutathionylation of various components of the pore . For instance, the S-

glutathionylation of ANT has been shown to prevent MPTP opening, whereas the decreased S-glutathionylation of

ANT is associated with MPTP opening and apoptosis in neurological tissues . Similarly, the S-glutathionylation
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of Cyclophilin D (CYPD) prevents mitoptosis by blocking the pore’s opening. Mitochondria suicide (mitoptosis),

described in detail by Skulachev in the early 21st century, defines the multiple ways in which mitochondria are

degraded without extramitochondrial components . The initial triggers of mitoptosis are excessive ROS, potent

inducers of MPTP opening, which prime mitochondria for mitoptosis and degradation by inner or outer

mitochondria swelling . In addition, the S-glutathionylation of CYPD might prevent MPTP openings during

mitochondria-to-cell communication, and it connects redox buffering with cell signaling in this manner .

Interestingly, not many studies have characterized the glutathionylation events inside the mitochondria’s inter-

membrane space (IMS) in humans. On the one hand, the import of proteins to the mitochondrial matrix relies on a

disulfide-exchange relay system; on the other hand, GRX1 has been identified to reside in IMS, pinpointing the

observation that S-glutathionylation may play a crucial role in IMS . However, a recent study showed that the

human S-glutathionylation of MIA40, an IMS import receptor, facilitates the maintenance of ROS levels and the

optimal function of CIII and CIV . This mechanism highlights the interconnection between ROS levels, protein S-

glutathionylation and mitochondrial respiration (Figure 3).

2.4. Regulation of Mitochondria Morphology by S-Glutathionylation

Fusion and fission processes tightly regulate mitochondria morphology and cell fate and are mediated by GTPases

located at the outer mitochondrial membrane (OMM). Fusion is regulated by the GTPases mitofusins (MFNs) 1 and

2 and the autosomal dominant optic atrophy protein 1 (OPA1), which also modulate mitochondria cristae .

Fission is primarily initiated by the dynamin family of GTPases (DRP1) . Under chronic oxidative and nutrient

stresses, fission is triggered, leading to mitochondrial fragmentation. In contrast, under acute stress and

glutathione depletion, the GSSG-induced S-glutathionylation of MFN2 and OPA1 oligomerization results in

mitochondrial hyperfusion . It has been attributed a role in adaptation to an acute stressor in the mitochondrial

hyperfusion process, which provides protection from excessive oxidation and at the same time consolidates ATP

production capacities . Therefore, the hyperfusion state induced by S-glutathionylation of MFN2 can act as a

regulatory mechanism under acute stressors, serving as a transient response that provides a critical window for

adaptation while preserving ATP production (Figure 4). Recently, it was shown that S-glutathionylation of MFN2 led

to the formation of necrosomes and their recruitment to mitochondria-associated endoplasmic reticulum (ER)

membranes (MAMs), and in turn, it induced ER-mitochondria intra-organelle crosstalk-dependent neuronal

necroptosis . This was the first identification that MFN2 S-glutathionylation increases sensitivity to the neuronal

necroptotic mechanism in vitro and in vivo. This mechanism can therefore describe an effect of mitofusin’s S-

glutathionylation that goes beyond mitochondrial deregulation and can affect other organelles with detrimental

consequences to cell fate.
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Figure 4. S-Glutathionylation and S-Nitrosylation orchestrate mitochondrial dynamics. Under acute stress, the S-

glutathionylation of MFN2 and, in turn, the oligomerization of OPA1 trigger hyperfusion as an adaptive mechanism,

whereas the excessive hyper-elongation of mitochondria under aberrant S-glutathionylation leads to cell

senescence. The NO-mediated S-nitrosylation of DRP1 triggers its activation and phosphorylation, which in turn

activates the fission machinery to eliminate damaged mitochondria. Under excessive NO production, the hyper-

fragmentation of mitochondria leads to cytochrome c release and apoptosis. Created with BioRender.com.

3. Protein S-Nitrosylation

Non-canonical nitric oxide (NO) signaling encompasses covalent post-translational modifications of biomolecules

via NO and NO derivatives. These modifications include the S-nitrosylation of protein thiols, metal nitrosylation of

transition metals and oxidative nitration or hydroxylation of various molecules such as tyrosine, amines, fatty acids,

etc. . Concerning tyrosine nitration, the formation of peroxynitrite (ONOO ) and nitrogen dioxide (NO ), are

associated with this irreversible modification that can impact protein function. In the case of cysteine residues,

peroxynitrite triggers the formation of oxygenated forms such as sulfenic acid (-SOH), sulfinic acid (-SO H) and
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sulfonic acid (-SO H) . S-thiolation forms including S-glutathionylation are induced by peroxinitrite and

nitrosothiol formation . Nitrosylation is the reaction in which a nitrosyl moiety of NO is incorporated into another

molecule, and when this affects the thiol group of Cys, the reaction is termed S-nitrosylation . S-nitrosylation can

propagate beyond the boundaries of its localization via transnitrosylation , and in recent years, it has emerged

as a prototype redox-induced cell-signaling mechanism that protects cells against oxidative stress and diminishes

ROS levels . NO is not an antioxidant and cannot strongly react with protein thiols. Therefore, in order for the

majority of S-nitrosylation reactions to take place, NO needs to react with oxygen to increase its oxidation state and

then react with protein thiols . For this reaction, many mechanisms have been proposed .

Many factors can modulate S-nitrosylation levels including the redox state. More specifically, the decreased levels

of antioxidants, which increase the oxidation potential of the cells, trigger the S-nitrosylation of proteins, whereas

increased levels of antioxidants have the opposite effect . In particular, under glutathione depletion, the S-

nitrosylation of mitochondrial proteins is elevated in order to protect cells against thiol oxidation, membrane

permeabilization and apoptosis . Another factor that modulates S-nitrosylation is the denitrosylation process.

While the S-nitrosylation process is, in general, a non-enzymatic process (with an exception for prokaryotes), the

opposite reaction, denitrosylation, can be enzymatic or non-enzymatic . The spontaneous cleavage of the S-

nitrosyl group can be performed by metal ions, nucleophiles, reducing agents, heat, ROS and UV .

Enzymatically driven denitrosylation can be processed by two major denitrosylase systems in cells: S-

nitrosoglutathione reductase (GSNOR) and thioredoxin reductase (TRXR). Of particular importance for cell

homeostasis is the balance between S-nitrosylation and denitrosylation. For example, the over-expression of

GSNOR in the brain has been associated with cognitive impairment . Transnitrosylation on the other hand,

which is the transfer of the nitrosyl moiety of a nitrosylated protein to the reactive Cys of the interacting protein,

allows for signal transmissions, even in sites that are distant from the initial NO source ) (Figure 5).
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Figure 5. Proposed mechanisms for S-Nitrosylation and Denitrosylation. While NO-mediated protein S-nitrosylation

is generally a non-enzymatic reaction, mediated by RNS and ROS species and NOS-mediated NO production,

denitrosylation can be both enzymatic and non-enzymatic. The major denitrosylase systems in cells are the

Thr/ThrR and glutathione GSH/GSNOR. Moreover, SOD can have denitrosylase functions. The transnitrosylation

of a protein can be directly performed by an already S-nitrosylated protein in close proximity. During aging, a

subset of proteins is S-nitrosylated, promoting cell signaling cascades that aim for neuroprotection. Upon increased

levels of RNS, potentially at early stages of neurodegeneration, increased levels of S-nitrosylation modulate

multiple cellular processes and trigger the adjustment of signaling cascades in highly nitrosative environments.

Aberrant S-nitrosylation in neurodegenerative disorders exacerbates disease pathology, ultimately leading to

neuronal damage. Created with BioRender.com.

In mitochondria bioactivities and quality control, S-nitrosylation and denitrosylation have an integral role . The

S-nitrosylation of mitochondrial thiols is influenced by fluctuations in mitochondrial respiration and redox states .

Intriguingly, the source of NO inside the mitochondria is still controversial. One hypothesis is that mitochondria

harbor a particular mitochondria NOS isoform (mtNOS) , while another suggests that NO enters mitochondria

from cytosol via transnitrosylase-mediated transportation . In the following sections, multiple mitochondrial

targets of S-nitrosylation will be discussed, which when modified by NO, mostly inhibits their activity to modulate

ROS production, O  consumption and mitophagy, while simultaneously providing protection against cell death .

3.1. Regulation of the OXPHOS System by S-Nitrosylation

All mitochondrial complexes CI-V can be S-nitrosylated and, in turn, inhibited in order to minimize ROS production

under oxidizing conditions ; moreover, it scavenges NO, prohibiting it from reacting with superoxides to produce

peroxynitrite  (Figure 3). In hypoxic conditions, NO production is elevated, which could again lead to the S-

nitrosylation and inhibition of CI-V enzymatic activities . Under this condition of diminished O  consumption and

the redistribution of intracellular oxygen, the stabilization of hypoxia-inducible factor-1α (HIF1A) can be prevented

during hypoxia . The inactivation of CI-V ultimately impedes mitochondrial respiration, which in turn causes

mitochondrial depolarization . Consequently, the PINK1/PARKIN pathway (described in detail later) is triggered

and induces mitophagy to protect cells from oxidative stress by eliminating defective mitochondria . Additionally,

relative to CI-V, cytochrome c, which transfers electrons from CIII to CIV, is also a target of S-nitrosylation.

Specifically, cytochrome c is nitrosylated at the iron metal center of the heme moiety, which then transfers the

nitrosyl group to glutathione, resulting in the formation of the endogenously abundant transnitrosylase GSNO .

While S-nitrosylated cytochrome c is released outside mitochondria during apoptosis, it has been proposed that it

can suppress apoptosis by retaining its capability to synthesize GSNO .

3.2. Regulation of Metabolic Enzymes by S-Nitrosylation

The fatty acid β-oxidation and aerobic oxidation of pyruvate (TCA cycle) to CO  take place at the inner

mitochondrial membrane and matrix. These processes not only generate ROS by themselves  but also

produce the source of electrons and cofactors that are utilized by the ETC, which in turn also produces ROS .
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Because of this, under oxidative stress, S-nitrosylation inhibits multiple enzymes in these two catabolic processes

to inhibit their activities in order to minimize ROS production  (Figure 3). Concerning the ETC and TCA cycle,

these enzymes include aconitase, the α-ketoglutarate dehydrogenase complex and succinate dehydrogenase,

while in the case of fatty acid catabolism, long-chain and short-chain acyl-CoA dehydrogenase and enoyl-CoA

hydratase, carnitine palmitoyl transferase 2 and flavoprotein dehydrogenase belong to the enzymes that are

inhibited . A recent study revealed a novel mechanism with which RNS generated by macrophages can render

inactive α-ketoacid dehydrogenases (including pyruvate dehydrogenase complex and α-ketoglutarate

dehydrogenase complex) . Herein, it was shown that the lipoid arm of α-ketoacid dehydrogenase can be

modified by RNS-mediated thiol modifications, and in turn, the acyl-transfer activity of the lipoid arm is blocked

leading to the inhibition of pyruvate dehydrogenase complex and α-ketoglutarate dehydrogenase complex.

3.3. Regulation of Apoptosis by S-Nitrosylation

Under oxidative conditions, the S-nitrosylation of ETC complexes and the TCA cycle inhibits their activities and the

consequent production of ROS, while under the same conditions, S-nitrosylation inhibits pro- and anti-apoptotic or

antinecrotic proteins to protect cells from death. This bidirectional S-nitrosylation-mediated inhibition assures that

upon decreased energy production, death pathways are impeded (Figure 3). The mitochondrial pro- and anti-

apoptotic proteins include the following:

Mitochondrial permeability transition pores (MPTPs) are formed under oxidative stress and modulate the redox

potential. Under oxidative stress, MPTP increases the permeability relative to high molecular weight

macromolecules, leading to mitochondria swelling and necroptosis . Under the basal levels of NO,

cyclophilin D (CYPD), critical for an MPTP opening, can be S-nitrosylated . This inhibits its interaction with

MPTPs, preventing pore opening and protecting cells during stress. Conversely, under the increased production

of NO, peroxynitrite is being produced by excessive ROS, which leads to the opening of MPTPs, the ablation of

ATP production and necrosis .

VDAC has multiple roles. Its localization at the mitochondrial outer membrane allows VDAC to regulate the

fluxes of metabolites. At the same time, VDAC modulates cytochrome c, which activates caspase-dependent

apoptotic cell death . Similarly to MPTP regulation by NO, VDAC S-nitrosylation at basal levels of NO

inhibits its function, protecting cells from apoptosis, whereas elevated levels of NO upregulate VDAC functions

.

Crucial to their role in apoptosis, caspase-3 and caspase-9 are S-nitrosylated in the absence of apoptotic

triggers, while their denitrosylation leads to their activation upon the activation of the Fas receptor .

Another component of the outer mitochondrial membrane with an anti-apoptotic role involves BCL2 family

proteins, which interfere with apoptosis by regulating the release of cytochrome c . Upon apoptotic

signaling, the S-nitrosylation of BCL-2 inhibits its ubiquitination and degradation, allowing it to exert anti-

apoptotic protection .
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3.4. Regulation of Fission by S-Nitrosylation

A recent discovery in neurons showed that the mitochondrial fission protein DRP1 is regulated by NO. It was

shown that the NO-mediated S-nitrosylation of DRP1 triggers its GTPase activity and fission . This discovery is

of particular importance for neurons, where the nNOS-mediated regulation of DRP1 might contribute to

mitochondrial fragmentation, followed by synaptic loss and neuronal cell death, which are observed in

neurodegenerative disorders such as AD . This mechanism of the S-nitrosylation-mediated regulation of fission

contrasts the S-glutathionylated regulation of fusion, underlying the importance of these two redox PTMs in

modulating mitochondria homeostasis (Figure 4).
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