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Abstract
Mitochondria are recognized as the main source of ATP to meet the energy demands of the cell. ATP production occurs by
oxidative phosphorylation when electrons are transported through the electron transport chain (ETC) complexes and develop the
proton motive force across the inner mitochondrial membrane that is used for ATP synthesis. Studies since the 1960s have been
concentrated on the two models of structural organization of ETC complexes known as “solid-state” and “fluid-state” models.
However, advanced new techniques such as blue-native gel electrophoresis, mass spectroscopy, and cryogenic electron micros-
copy for analysis of macromolecular protein complexes provided new data in favor of the solid-state model. According to this
model, individual ETC complexes are assembled into macromolecular structures known as respiratory supercomplexes (SCs). A
large number of studies over the last 20 years proposed the potential role of SCs to facilitate substrate channeling, maintain the
integrity of individual ETC complexes, reduce electron leakage and production of reactive oxygen species, and prevent excessive
and random aggregation of proteins in the inner mitochondrial membrane. However, many other studies have challenged the
proposed functional role of SCs. Recently, a thirdmodel known as the “plasticity”model was proposed that partly reconciles both
“solid-state” and “fluid-state”models. According to the “plasticity”model, respiratory SCs can co-exist with the individual ETC
complexes. To date, the physiological role of SCs remains unknown, although several studies using tissue samples of patients or
animal/cell models of human diseases revealed an associative link between functional changes and the disintegration of SC
assembly. This review summarizes and discusses previous studies on the mechanisms and regulation of SC assembly under
physiological and pathological conditions.
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Introduction

Mitochondria, known as the “powerhouse” of the cell, provide
over 90% of ATP required in eukaryotic cells. Under physio-
logical conditions, carbohydrates and lipids are metabolized to
acetyl-CoA in mitochondria. Acetyl-CoA enters the tricarbox-
ylic acid cycle producing the “reducing equivalents,” NADH
and FADH2. Oxidative phosphorylation (OXPHOS) is de-
scribed as oxidation of NADH and FADH2 through the elec-
tron transport chain (ETC) that is coupled with ATP synthesis.
The ETC is composed of four complexes (CI, CII, CIII, and
CIV) located in the inner mitochondria membrane (IMM). The
ETC complexes transfer electrons from NADH and FADH2 to
molecular oxygen accompanied by simultaneous pumping of
protons from the matrix to the intermembrane space that gen-
erates an electrochemical proton gradient (proton motive force)
across the IMM. The electrochemical energy created by ETC
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complexes stimulates FOF1-ATP synthase (CV) to produce
ATP.

For a long time, the structural organization of ETC com-
plexes has been an interesting subject to contemplate. Since
the discovery of ETC complexes, two main models, known as
the “solid-state” and “fluid-state” models, were proposed to
explain the structural organization of ETC complexes in the
IMM (Fig. 1). Pioneer studies in the early 1960s [3] suggested
the capability of ETC and OXPHOS proteins to form a func-
tional unit termed “oxysome,” which could facilitate electron
transfer and ATP synthesis. This model, later known as the
“solid-state” model, could logically explain the structural
proximity of ETC complexes to support their functional integ-
rity. At the same time, elucidation of the physical and chem-
ical properties of isolated ETC complexes revealed that indi-
vidual complexes could function separately and undergo
oxidation-reduction [4]. Based on the enzymatic activity and
diffusion characteristics of individual ETC complexes, a “flu-
id-state” (or “random-collision”) model was proposed, in
which all proteins and redox components of ETC and
OXPHOS diffuse freely and randomly in the IMM [5].
Since 2000, analysis of digitonin-solubilized mitochondrial
proteins by blue native polyacrylamide gel electrophoresis
(BN-PAGE) [6] enabled to separate high molecular mass
multiprotein complexes with relatively preserved protein-
protein interactions. By using this technique, ETC complexes
were found to assemble into the multiprotein complexes or
respiratory chain supercomplexes (SCs) in yeast and mamma-
lian mitochondria. These findings were further supported by

other studies that demonstrated the existence of SCs by elec-
tron cryotomography in mitochondrial cristae isolated without
treatment with digitonin [7]. Notably, only certain fractions of
individual complexes are assembled into the SCs, and recent-
ly, a “plasticity” model was proposed to explain the structural
organization of ETC complexes [8]. This model reconciles
both “solid-state” and “fluid-state” models, suggesting that
SCs co-exist with individual ETC complexes. High-
resolution structural analysis using cross-linking mass spec-
troscopy [9, 10] and cryogenic electron microscopy (cryo-
EM) [11–14] presented a more detailed structural organization
of SCs in mammalian mitochondria. In addition to the archi-
tecture of SCs, several proteins have been discovered that
participate in the biogenesis, assembly, and stability of respi-
ratory SCs in yeast [15, 16] and mammalian [17, 18]
mitochondria.

Significant achievements in the understanding of the struc-
tural organization of SCs initiated new studies to understand
the role of SCs in mitochondria in health and disease [19]. A
large number of studies using cell/animal models of human
diseases, and biological samples from patients demonstrated
disintegration of SCs during cardiovascular [20, 21], and neu-
rodegenerative [22, 23] disorders, Barth syndrome [24, 25],
diabetes [26], and aging [27], whereas exercise was found to
stimulate SC assembly [28, 29]. In contrast, several studies
were not able to find an associative link between diseases
and SCs. Besides, the roles of SCs in substrate channeling
and ROS prevention have been challenged [30, 31]. These
controversies raised the question of whether SCs play any

Fig. 1 Structural organization of ETC complexes: fluid-state (or random-
collision) model (a) and solid-state model (b). Molecule Images created
using RCSB PDB ID 4UQ8 (CI, blue), 1ZOY (CII, green), 1BGY (CIII,

orange), 3ASO (CIV, red), and 5J4Z (respirasome) and Mol* software
[1]. The membrane created from the images shown in the study by [2]
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physiological and/or pathophysiological role in the cell, and
they are involved in the pathogenesis of human diseases.

In this review, we summarize and discuss the structural
assembly of SCs and their possible functional advantages in
the regulation of mitochondrial bioenergetics. Detailed analy-
sis of the structure and potential mechanisms of assembly and
stabilization of SCs has been reviewed previously [32–34].
Therefore, we will briefly discuss the structural organization
of SCs and mostly focus on whether SC disassembly contrib-
utes to a mitochondria-mediated cell or organ dysfunction in
response to pathological stimuli.

Structural organization and regulation
of assembly and stability of respiratory SCs

Structure of mammalian respiratory SCs

Pioneer studies using BN-PAGE identified respiratory SCs
containing CI, CIII, and CIV in various stoichiometry, such
as CI+CIII2, CIII2+CIV, and CI+CIII2+CIV in bovine heart
mitochondria [6, 35]. These studies revealed that approxi-
mately 80% of CI, 65% of CIII, and 15% of CIV are involved
in SCs. The main SC is the respirasome that consists of CI,
CIII, and CIV (SC CIn+CIII2+CIVn). Assembly of these com-
plexes is termed the respirasome because it, together with
mobile electron carriers Q and cytochrome c, can operate as
a single functional unit that transfers electrons through the
ETC to oxygen while simultaneously developing the electro-
chemical gradient across the IMM. Downregulation of ade-
nine nucleotide translocase (ANT), the most abundant protein
of the IMM that exchanges the matrix ATP for ADP in the
intermembrane space, was associated with reduced levels of
the respirasome [36]. In this study, protein levels of individual
ETC complexes were not analyzed, although the enzymatic
activity of the complexes remained unchanged in ANT1
knockdown cells. It is not clear whether the decreases in SC
levels observed in ANT deficient mitochondria are due to SC
instability or defects in SC formation. These findings suggest
a crosstalk between respirasome and synthasome, another mi-
tochondrial SC containing FOF1-ATP synthase, ANT, and in-
organic phosphate carrier (PiC) that links mitochondrial ATP
production with energy transfer [37, 38]. In addition to
respirasome, BN-PAGE analysis revealed the SCs containing
CI and CIII2 (SC CI+CIII2) [35] as well as CIII2 and CIV (SC
CIII2+CIV) [6, 39]. The level and ratio of respiratory SCs can
vary in different tissue and mammalian species [6]. Recent
mass-spectrometric studies revealed that SC stability and as-
sembly varies among vertebrates; SCs are unstable in endo-
therms (e.g., mammals and birds) and highly stable in ecto-
therms such as reptiles [40]. Interestingly, the stability of SCs
does not affect mitochondrial ROS (mtROS) production and
respiration rates in the examined vertebrates. Due to its

importance in mitochondrial energetics, structural and func-
tional properties of the respirasome are broadly discussed, and
this review will be mainly concentrated on the respirasome.
ETC complexes I, III, and IV are assembled at different stoi-
chiometry and therefore, appear on the BN-PAGE gel as dif-
ferent bands depending on the molecular weight.

The BN-PAGE analysis did not detect CII in the
respirasome and other SCs [6], although structural studies by
cryo-EM suggested an interaction of CII with respirasome to
form the respiratory megacomplex containing all ETC com-
plexes (I2+II2+III2+IV2) [41]. A significant portion of CII was
found to associate with other ETC complexes to form SCs,
and a putative SC containing CII, CIII, and CIV was found in
mouse mitochondria by BN-PAGE analysis [8]. Genetic si-
lencing of the membrane-anchored SDHC subunit of CII did
not affect the respirasome levels in cardioblast cells and iso-
lated cardiac mitochondria [42]. However, inhibition of CII
enzymatic activity in this study reduced the respirasome
levels, suggesting that even though CII is not involved in the
SCs, it can play a regulatory role in respirasome assembly and/
or be engaged in the maintenance of its stability. Also, CII and
other potential assembly proteins could be involved in the
architecture of respirasomes by weak interactions, but are eas-
ily lost due to a quick dilution-induced dissociation during the
preparation of protein samples for BN-PAGE or cryo-EM
analysis [43].

Detailed structural organization of SCs in mammalian (bo-
vine, ovine, and porcine) mitochondria was elucidated recent-
ly using single-particle cryo-EM analysis at high (4–9 Å) res-
olution [11–14]. These studies reported the heterogeneity in
SC structure amongst mammalian species. Two distinct ar-
rangements of the respirasome, a major “tight” and a minor
“loose” form were identified in ovine mitochondria [12].
These conformations may represent different stages in assem-
bly or disassembly of the respirasome. Furthermore, structural
biology studies proposed high-resolution models of
respirasome, wherein specific interactions between individual
subunits of the ETC complexes maintain the SC structural
integrity [11–14]. Accordingly, CIII dimer interacts with
CIV and the membrane arm of CI at specific sites in the mam-
malian respirasome. Two main interactions between CI and
CIII occur at the following sites: (i) NDUFA11 and NDUFB4
(CI subunits) interact with UQCRQ (CIII subunit), and (ii)
NDUFB4 and NDUFB9 (CI subunits) interact with
UQCRFS1 (Rieske protein) and UQCRC1 (CIII subunits)
[11, 12, 14]. In mammalian mitochondria, CI consists of 44
subunits, including 14 highly conserved core subunits and 30
supernumerary or accessory subunits acquired during the evo-
lution of eukaryotes. The core subunits are responsible for the
activity of the complex, whereas supernumerary subunits are
involved in the assembly and structural stability of complex I
[44, 45], but the precise role of all CI subunits is not fully
understood. All three CI subunits (NDUFA11, NDUFB4,
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NDUFB9) involved in the CI-CIII interaction are the super-
numerary subunits. The sites responsible for CI-CIII2 and
CIII2-CIV interactions vary in different mammalian species.
Interactions between CIII dimer and CIV in ovine mitochon-
dria, COX7A, a CIV subunit, have been shown to interact
with UQCR1 and UQCR11 (CIII subunits) [12].

Thus, advanced biochemical and electronmicroscopy tech-
niques identified the structural identity of respiratory SCs,
which include SCs CI+CIII2, CIII2+CIV, and CIn+CIII2+
CIVn or respirasome. Individual ETC complexes are assem-
bled in the SCs in different stoichiometric ratios through the
interaction at specific binding sites of CI, CIII, and CIV. The
precise mechanisms of SC assembly have not yet been eluci-
dated and require further studies.

Regulation of biogenesis, assembly, and stability of
respiratory SCs

The IMM contains two regions, the inner boundarymembrane
and the cristae membrane. The inner boundary membrane is
localized beneath the outer mitochondrial membrane and
is comprised of numerous carrier proteins that transport
ions and metabolites across the IMM. The cristae mem-
branes are invaginations of the inner boundary membrane
with narrow crista junctions extended into the matrix. The
cristae contact the outer mitochondrial membrane by the
mitochondrial contact site and cristae organizing
(MICOS) system that consists of one soluble and five
membrane proteins [46]. ETC and OXPHOS complexes
are localized in the cristae membrane, where dimers of the
FOF1-ATP synthase organize the structure of crista rims
[47–49]. Furthermore, SCs have been found to concen-
trate in the cristae membrane [48, 50].

Different phospholipid species have opposite effects on the
SC stability to regulate the balance between SCs and individ-
ual complexes. Phosphatidylethanolamine stimulates the dis-
integration of SCs, whereas cardiolipin stabilizes their assem-
bly [51]. Cardiolipin, a signature phospholipid exclusively
found in mitochondria, accounts for ~ 20% of total lipids in
the IMM and 3–4% in the outer mitochondrial membrane [52,
53]. Two lines of evidence confirm the role of cardiolipin in
SC stability. First, CIII and CIV reconstituted into liposomes
can form SCs only in the presence of cardiolipin [54]. Second,
the downregulation of cardiolipin synthesis is associated with
SC disintegration. In favor of this, a genetic deficiency of
tafazzin (a mitochondrial phospholipid-lysophospholipid
acyltransferase), one of three enzymes that catalyze remodel-
ing (maturation) of cardiolipin, induces degradation of SCs in
patients with Barth syndrome [24] and tafazzin knockdown
mice [25]. Notably, respiratory SCs also play a role in
cardiolipin stability since a loss of SCs enhances access of
phospholipases to cardiolipin, thereby inducing its degrada-
tion in patients with Barth syndrome [55].

Recent studies identified several proteins that are involved
indirectly or directly in the regulation of SCs formation and
stability. Stomatin-like protein 2 (SLP2) is widely expressed
in the IMM, where it interacts with prohibitin 1 and 2 and
binds to cardiolipin. In mammalian cells, the upregulation of
SLP2 increases cardiolipin levels associated with activation of
IMM metabolism and mitochondrial biogenesis [56]. SLP2
regulates mitochondrial cardiolipin content by creating
cardiolipin-enriched microdomains in the IMM. In T cells,
the deficiency of SLP2 decreased levels and activities of SC
I+III2 and respirasome with no effects on the assembly of
individual ETC complexes [57]. Likely, the effect of SLP2
on the formation of SCs is secondary to the cardiolipin-
regulatory role of this protein. As an alternative mechanism,
SLP2 can be involved in the structural organization of SCs by
regulation of the optic atrophy 1 protein (OPA1), a dynamin-
like GTPase localized exclusively in the IMM [58]. In addi-
tion to the role of fusion of mitochondria, OPA1 is important
for the maintenance of the IMM topography and cristae struc-
ture [59, 60]. Proteolytic cleavage of long-OPA1 (L-OPA1) is
catalyzed by two distinctly regulated IMM proteases, OMA1
and YME1L, that produce short-OPA1 (S-OPA1) [61, 62].
SLP2 has been shown to anchor a proteolytic hub in mito-
chondria containing the i-AAA protease, YME1L [63], and
change its enzymatic activity. As a result, the balance between
L-OPA1 and S-OPA1 could regulate SC assembly. OPA1
ablation in mouse embryonic fibroblasts induced disintegra-
tion of SCs, and conversely, fibroblasts isolated from OPA1
transgenic mice contained increased levels of SCs [64].
Likewise, OPA1 deficiency impaired the SC assembly and
diminished ETC activity and OXPHOS in HEK-293 cells
[65].

Interestingly, SLP2 and other scaffold proteins, such as
prohibitins, are membrane proteins involved in the SPFH pro-
tein superfamily (stomatin, prohibitin, flotillin, and HflK/C)
that hold an evolutionarily conserved SPFH domain [66]. Like
SLP2, prohibitins 1 and 2 have been shown to interact with
AAA proteins, particularly mAAA protease [67]. Deficiency
in prohibitins 1 and 2 in HeLa cells impaired the assembly of
SCs, particularly SC III2+IV, without altering the structural
integrity of CI, CIII, and CIV [68]. These studies suggest that
proteolytic cleavage of L-OPA1 could mediate the effects of
both SLP2 and prohibitins to regulate SCs assembly through
changes in the cristae morphology. Another mitochondrial
cardiolipin-binding protein C11orf83, also known as
ubiquinol-cytochrome c reductase complex assembly factor
3 (UQCC3), has a high affinity for CIII dimer, and is involved
in stabilization of CIII-containing SCs, especially the SC
CIII2+CIV in H9c2 cells [69]. C11orf83 depletion impaired
cristae morphology associated with a decreased mitochondrial
respiration and ATP production and significant changes in
cardiolipin composition. Apparently, SLP2 and C11orf83 par-
ticipate in SC assembly indirectly; they regulate synthesis and
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compartmentalization of cardiolipin and thus, maintain the
cristae structure and the integrity of IMM proteins.

Respiratory complex factors 1 and 2 (Rcf1 and Rcf2) in
yeast [15, 70–72] and the mammalian orthologs of Rcf1,
HIGD1A and HIGD2A [16, 73, 74], have been shown to
participate in the assembly and stabilization of CIV and thus,
indirectly involved in the formation of CIV-containing SCs,
particularly SC CIII+CIV. These factors stably and indepen-
dently interact with both CIII and CIV to maintain the struc-
tural and functional integrity of these complexes. Most recent
studies demonstrated that HIGD1A and HIGD2A participate
in the biogenesis of individual CIII2 and CIV as well as their
association to form respiratory SCs [73], suggesting that these
factors can directly modulate the assembly of SCs. MCJ/
DnaJC15, a cochaperone that localizes in the IMM and inter-
acts preferentially with CI, can be involved in SC formation
[75]. Analysis of heart mitochondria isolated from MCJ
knockout mice revealed increased levels of SCs compared to
WT counterparts, suggesting that MCJ acts as a negative reg-
ulator of SC assembly. Increased formation of SCs in MCJ
knockout mitochondria should reduce the levels of individual
CI, CIII, and CIV. Although the loss of MCJ increased CI
activity and ATP production, the levels of monomeric CI
and CIV, and dimer CIII were not affected in these mitochon-
dria [75]. Therefore, the observed effects of MCJ deficiency
on SC assembly might be indirect through increasing CI ac-
tivity; however, no changes in the levels of individual ETC
complexes undermine the role of MCJ in SC formation.

The COX7A2-like protein (COX7A2L), also known as
COX7RP (COX7AR) or SCAF1 (supercomplex assembly
factor 1), is a specific regulatory protein that is directly in-
volved in SC formation. Initial studies using skeletal muscle
mitochondria of COX7A2L knockout mice [17, 76] revealed
the ability of COX7A2L to stimulate the interaction between
CIII and CIV and thus, enhance the structural integrity of SC
III2+IV and respirasome. The regulatory role of COX7A2L
depends on the expression levels of short and long isoforms
of the protein. Studies on mouse strains containing short
(C57BL/6J and C57BL/6N mice) and long (CD1 mice)
COX7a2l gene isoforms showed that the long isoform, but
not short COX7A2L, is required for the SC III2+IV assembly
[18]. The most recent studies detected specifically associated
with respirasome and SC CIII2+CIV where it confers the inter-
action between III2 and IV and hence, maintains the assembly
and kinetic properties of the SCs [77]. Human COX7A2L was
able to regulate biogenesis of CIII and stimulate remodeling of
SCs although the COX7A2L-dependent ETC reorganization
was not essential to maintain mitochondrial bioenergetics
[78]. Heart and liver mitochondria isolated from mice with
different Cox7a2l isoforms exhibited no differences in respira-
tory chain activity and respirasome formation and assembly.
Results of this and other studies [79, 80] concluded that
COX7A2L stabilizes the SC III2+IV, but has no effect on the

formation of respirasome. It has been suggested that a homol-
ogous region of COX7A2L interacts with CIV by replacing
with COX7A that leads to stabilization of SC III2+IV. In mu-
tagenesis studies with mouse COX7A2L, His73 in the COX7A
homologous region was identified to promote the interaction
between CIII2 and CIV [39]. These studies revealed that the
two residues Pro71 and Ile72 adjacent to His73 play a critical
role in the CIII2-CIV interaction, and the lack of these residues
in the short COX7A2L isoform found in various cells/tissues
prevents these complexes from interacting with each other.

Notably, structural biology techniques such as cryo-EM
were not able to identify any SC assembly protein; it can be
explained by its low resolution to detect all the protein densi-
ties. Besides, the interactions of assembly proteins with SCs
can be transient and weak, getting lost during the processing
of mitochondrial samples and isolation of SCs. On the other
hand, assembly factors could not be detected following the
processing of mitochondria, because they are not the SC core
components and not involved in the structure of SCs.

Potential advantages of respiratory SC
assembly

Since the discovery of respiratory SCs, a large number of
studies proposed several structural or functional advantages
of these multimolecular structures; however, the role of SCs
in mitochondria remains unknown. SCs, particularly the
respirasome has been suggested to (i) improve the efficiency
of electron transport through the ETC and thus, facilitate sub-
strate channeling [17, 81, 82]; (ii) prevent electron leakage and
reducemtROS generation [83, 84]; (iii) maintain the structural
integrity of individual ETC complexes [85–87]; and (iv) avoid
protein aggregation in the IMM containing a heavily populat-
ed protein environment [30, 88].

Substrate channeling Cryo-EM studies using bovine heart
mitochondria proposed that a solid-state structure can function
as a functional unit that encloses Q cycle and cytochrome c to
provide efficient electron transfer from CI to CIII and from
CIII to CIV in a single entity [13, 81]. Flux control analysis of
bovine mitochondria revealed substrate channeling between
CI and CIII via ubiquinone, but not between CIII and CIV
via cytochrome c [82]. Functional analysis of enriched
respirasome fractions in combination with quantitative data-
independent proteomics and 2D BN-PAGE revealed that the
structural attachment facilitated by SCAF1 between III2 and
IV in the respirasome stimulated NADH-dependent respira-
tion and reduced mtROS production [77]. This study shows
that SCAF1 can be involved in SCs as a structural component
and the assembly of CI and CIII into the SC CI+CIII can
confer retention of CoQ, and as a result, partial segregation
of CoQ pool enables substrate channeling. However,
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numerous structural biology studies challenged the role of
substrate channeling and distance between individual com-
plexes in respirasome [12, 89]. The respirasome does not
contain any barriers to prevent free diffusion of electrons,
thus arguing against the substrate-channeling concept.
Active sites of complexes within the respirasome may acti-
vate oxidation-reduction reactions, and the lack of channels
and barriers allows free random diffusion of Q cycle com-
ponents and cytochrome c. The role of the distance between
complexes in the diffusion of electron carriers is not clear
because it is difficult to quantify the rate of diffusion that
depends on the physicochemical characteristics of the
IMM. Spectroscopic and kinetic experiments on mitochon-
drial membrane preparations containing all SCs demon-
strated that NADH and succinate oxidation occurs through
a single Q-pool without any partitioning or channeling [30,
31]. Furthermore, CoQ trapping in the isolated SC I+III2
has been shown to limit CI turnover [90]. Therefore, sub-
strate channeling could limit CoQ oxidation due to unequal
access of CoQ to the active sites of CIII2 and, thus, diminish
mitochondrial respiration. Altogether, both structural and
kinetic studies mostly support the free-diffusion theory in-
dicating a free exchange of both Q pool and cytochrome c
and, thus, contend against the existence of a physical chan-
nel for substrate transfer across the respirasome.

Prevention of mtROS generation First evidence on the pos-
sible role of SCs in the prevention of mtROS production
came from in vitro studies that utilized two models: (i)
disintegration of SCs in bovine heart mitochondria or
liposome-reconstituted SC I+III, and (ii) reconstitution of
CI and CIII, the major sources of mtROS production, into
liposomes with high phospholipids to protein ratio [83].
Both models demonstrated that mtROS production is
strongly increased upon disruption of respiratory SCs, sug-
gesting that the association between CI and CIII can reduce
superoxide generation by these complexes. Likewise, high
levels of free CI found in astrocytes were associated with
low mitochondrial respiration and high ROS, whereas CI
mostly embedded into SCs in neurons was concomitant
with a high respiratory function and low mtROS levels
[84]. It is still not clear whether SCs are responsible for
the differences in respiratory function and mtROS levels
between neurons and astrocytes and whether changes in
CI and CIII assembly in the SC can modulate mtROS pro-
duction. Notably, the flavin site of CI is important for super-
oxide anion production [91, 92], and cryo-EM studies demon-
strate that the CI flavin site (a hydrophilic arm of
NADH:ubiquinone oxidoreductase) is exposed outside the
respirasome and not hindered by the adjacent CIII and CIV
[11, 12, 14] (Fig. 2). Recent studies found no correlation be-
tween SC stability and mtROS production in different verte-
brates. It has been suggested that SCs can play an adaptive role

in the regulation of body temperature without affecting the
ETC activity and mtROS production [40]. Further studies are
required to establish a cause-and-effect relationship between
SC assembly and ROS production in mitochondria.

Maintenance of the structural integrity of individual ETC com-
plexes Several studies reported structural crosstalk between
ETC complexes and SCs, and SCs have been proposed to
stabilize the structural integrity of individual ETC complexes,
particularly, CI, CIII, and CIV. Mutations in the NDUFS4
gene in patients were associated with combined CI/CIII defi-
ciency [94]. The authors suggested that alterations in SC as-
sembly induced by the truncated NDUFS4may be responsible
for a combined deficiency of CI and CIII. NDUFS4 knockout
decreased the activity and stability of CI in different mouse
tissues; however, despite the deficiency in the subunit, SCs

Fig. 2 Interaction sites within the respirasome. Top view (a) and side
view (b) are shown. a Interactions in the membrane between the CI
subunit B14.7 (NDUFA11) and adjacent CIII2 subunits UQCRB,
UQCRQ, and UQCRH. b Interactions in the mitochondrial matrix be-
tween the subunits B15 (NDUFB4) and B22 (NDUFB9) of CI and the
UQCR1 (UQCRC1) subunit of CIII2. c Possible interaction sites between
the ND5 subunit of CI and the COX7C subunit of CIV. Images were
created with the PDB ID 5J4Z and NGL Viewer [93] and RCSB PDB.
Interaction sites are based on the study by [32]
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still allowed the formation of active and fully assembled CI,
indicating the importance of supramolecular interactions for
both stabilization and assembly of CI [87]. Likewise, genetic
deficiency in CIII assembly in patients, as well as in mouse
and human cultured cell models, prevented respirasome
formation and caused a secondary loss of CI that resulted
in a combined CI/CIII deficiency [85, 86]. ROS-associated
decreases in CI and CIV and SC disassembly were observed
in mouse lung fibroblasts lacking the Rieske iron-sulfur
protein, one of the catalytic subunits of CIII [95].
Mammalian fibroblasts with genetic ablation of specific
subunits of individual CI, CIII, or CIV showed that knock-
out of one complex subunit of any one complex disrupted
that complex as well as the other complexes assembled into
the same SC [96]. CI was found degraded in the mutant
cells with CIII or CIV deficiency, although the structural
integrity of CI proteins in CIII knockout cells was pre-
served better than in CIV knockout cells, suggesting that
CI is more stable in the presence of CIV. Analysis of the
structural rearrangements of ETC complexes in human cell
lines depleted of the catalytic CIV subunit COX1 or COX2
demonstrated that incorporation of an atypical COX1-
HIGD2A submodule attenuates the turnover rate of SC
CI+CIII2 [97]. These findings indicate the importance of
CIV subunits in SC stabilization as well as the structural
dependence of CI on CIV in the biogenesis of SCs.

Thus, the combined defects in SCs induced by deficiency in
a single complex suggest structural interactions between ETC
complexes assembled in the SCs. However, it is not clear
whether SCs play a causative role or are directly involved in
the assembly and stability of individual complexes. Structural
and functional defects in one ETC complex can trigger dys-
function or instability of other complexes in the SC-
independent mechanisms. For example, deficiencies in ETC
activity inhibit oxidation of reducing equivalents, and reduced
pools of NAD+/NADH, succinate, and ubiquinone/ubiquinol
(Q/QH2), which enhance mtROS production [92].
Consequently, high mtROS due to dysfunctional ETC can alter
the stability of CI and other complexes (CIII, CIV), leading to
the disintegration of the SC. Likewise, CI assembly was found
impaired in the absence of CIII suggesting the importance of
the CIII for maintenance of ETC activity and SC formation
[98]. Thus, the stability of individual complexes plays a crucial
role in the structural and functional integrity of SCs, and defects
in complexes can affect the formation of SCs.

Prevention of protein aggregation in the IMM The IMM is
one of the most protein-richmembranes with a protein-to-lipid
mass ratio of 80:20 [99]. Phospholipids, particularly
cardiolipin, play an essential role in maintaining the structural
organization and stability of the ETC complexes and other
IMM proteins. Low phospholipid levels and the high
protein-to-lipid ratio in the IMM significantly increase the

probability of random aggregation of proteins. The random
and uncontrolled aggregation can diminish the functional ac-
tivity of proteins and alter the topography of the IMM.
Structural studies of respirasomes were not able to detect
strong contact sites in CI, CIII, and CIV interactions [81,
89]. Respiratory SCs may be a result of evolutionary adapta-
tion of ETC complexes to a highly protein-rich environment
to avoid random/disorganized aggregation in the IMM of eu-
karyotic cells. It has been proposed that [30] SCs maintain the
structural integrity of proteins across the IMM and prevent
their nucleation and random aggregation. The IMM is a high-
ly dynamic membrane; its topography and function are sen-
sitive to changes in the matrix volume [100, 101]. Weak
and transient (reversible) interactions in SCs could prevent
the strong interactions between proteins that could occur
due to aggregation and affect the functional activity of in-
dividual complexes and IMM structure. Both in vivo and
in vitro studies demonstrated the relationship between IMM
morphology and SC assembly [64]. Thus, SCs are involved
in maintaining the membrane topography and protein pack-
aging in mitochondria.

Thus, a growing number of studies provide evidence that
respiratory SCs can play potential functional and structural
roles in mitochondria; however, several studies were not able
to confirm the role of SCs in facilitating mitochondrial bioen-
ergetics and reducing mtROS production. Besides, the struc-
tural role of SCs in the IMM has not been proven yet and
requires further studies.

Respiratory SCs and human diseases

A growing number of studies using different animal models
and human tissue samples suggested associative links be-
tween the disintegration of SCs, particularly the respirasome
and organ dysfunction. Several studies reported that cardio-
vascular and neurodegenerative diseases, Barth syndrome,
cancer, and aging are associated with respirasome disassem-
bly. A representative image showing the destabilization of
respiratory SCs is shown in Fig. 3. However, a number of
other studies failed to find an associative link between these
diseases and the respirasome, thus counteracting the argument
for the functional role of SCs in the pathogenesis of human
diseases.

Myocardial infarction and heart failure

The first studies using a canine model of heart failure demon-
strated that a dramatic decrease of OXPHOS was associated
with a significant reduction of respiratory SCs in
subsarcolemmal and intermyofibrillar mitochondria [20].
The authors proposed that the defects in OXPHOS were
caused by the disintegration of respirasome. Likewise,
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respirasome levels and the activity of CI, CIII, and CIV were
remarkably reduced in the isolated and perfused guinea pig
[102] and rat [103] hearts subjected to ischemia-reperfusion
(IR). Cardioprotective effects of different pharmacological
and conditional approaches used in these studies prevented
respirasome degradation and normalized the activity of the
ETC complexes. Post-infarction heart failure induced by ligat-
ing the left coronary artery in mice for 4 weeks decreased
respirasome and CIII2+IV levels in cardiac mitochondria
[104]. Interestingly, treatment with linoleic acid significantly
improved mitochondrial respiration and cardiac function with-
out any noticeable improvement in respirasome formation.
Mitochondrial respiratory function was impaired concurrent
with reduced SC controlled coupling factor, a mathematical
construct to determine SC influence on respiratory measure-
ment in freshly isolated mitochondria from failing human
hearts compared to non-failing hearts [105]. The study pro-
posed that mitochondria-targeted drugs can improve mitochon-
dria function through the prevention of SC disassembly in the
failing hearts. However, only the in-gel activity of SCs was
analyzed in this study, and the conclusion on the reduction of
SC levels was made by reductions of the SC coupling control
factor ratio calculated from respiration rates for CI and CII.

Studies from several other groups reported no changes or
even increases of SCs during myocardial infarction and heart
failure. Pressure overload by transverse aortic constriction
caused heart failure in rats after 20 weeks, which was

associated with contractile dysfunction and a substantial de-
crease of mitochondrial respiration in gastrocnemius and so-
leus muscles [106]. Although the activity of all ETC com-
plexes and protein expression levels of CI or CIII was signif-
icantly reduced, no differences in SC assembly were found in
these muscles at 20 weeks of pressure overload compared to
control. Coronary artery occlusion for 30 min, followed by 4-
h reperfusion in mice, induced no significant changes in SC
levels [107]. Cardiac IR injury induced by global 25-min is-
chemia followed by 60-min reperfusion in the Langendorff
perfused rat hearts resulted in a ~ 5% decrease in respirasome
levels, despite severe cardiac and mitochondrial dysfunction
as evidenced by reduced post-ischemic recovery, high mtROS
production, and low respiration rates [21]. Interestingly, oxi-
dative stress induced by tert-butyl hydroperoxide (TBH) did
not affect SC assemblies, while excess Ca2+ (1 mM)
disintegrated SCs in cardiac mitochondria in vitro [108]. No
remarkable changes were observed in the enzymatic activity
of most individual ETC complexes, except CIII decreased by
19% at the end of reperfusion. In vivo myocardial infarction
induced by coronary artery occlusion with or without subse-
quent reperfusion for 2 and 28 days in female rats significantly
reduced cardiac function, but had no effect on the respirasome
integrity [109]. Analysis of mitochondria isolated from IR and
ischemic preconditioned mouse hearts revealed no differences
in the levels of SCs, and CIII and CIV between these groups,
even though preconditioning significantly improved cardiac

Fig. 3 Representative image of
Coomassie-stained BN-PAGE
gel of mitochondria isolated from
wild-type and tafazzin knock-
down mice. ETC complexes were
identified after the second-
dimension of PAGE followed by
immunoblotting using the Total
OXPHOS Rodent WB Antibody
Cocktail (Abcam). The image is
adapted from our previous publi-
cation [21] with permission from
Mary Ann Liebert, Inc.
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and mitochondrial function [110]. An enriched mitochondrial
fraction isolated from the frozen heart tissue of patients with
coronary artery disease (CAD) contained more respirasomes
and less CI activity compared to non-CAD patients [111]. The
high respirasome levels were associated with increased pro-
tein expression of all ETC complexes and CV inmitochondria
obtained from CAD patients. In our recent studies, the disin-
tegration of SC induced by ethanol and isopropanol was not
associated with cardiac dysfunction, arguing against the caus-
ative role of SC disassembly in cardiac dysfunction [112].
Ethanol and isopropanol stimulated respirasome disassembly
in Langendorff-perfused rat hearts without significant effects
on heart contractility and mitochondrial respiration. We pro-
posed that mitochondrial bioenergetics and cardiac function
are not susceptible tomoderate disassembly of respiratory SCs
observed in our studies; however, severe disassembly of the
respirasome beyond a critical threshold may affect both mito-
chondria and heart function.

Existing contradictory data on the effects of cardiac IR
injury on respirasome assembly can be explained by differ-
ences in severity and duration of the oxidative stress. High
mitochondrial Ca2+ and ROS in response to cardiac IR [113]
causes opening of permeability transition pores (PTP) in the
IMM, which, in turn, increases colloid-osmotic pressure and
swelling of the mitochondrial matrix. As a result, the matrix
swelling enhances the stretching stress on the IMM and
changes its topography [100, 114]. It is tempting to speculate
that mild mechanical stretching (e.g., during ischemic precon-
ditioning) of the membrane due to transient or mild increases
in the matrix volume may increase SC formation to overcome
the osmotic pressure on the membrane and prevent protein
nucleation and aggregation. However, severe oxidative stress
accompanied by excessive swelling of the matrix may not
affect or disintegrate the SCs (Fig. 4). In favor of this hypoth-
esis, inhibition of mitochondrial swelling by the PTP blocker
sanglifehrin A (inhibitor of cyclophilin D, a major PTP regu-
lator) prevented respirasome disassembly induced by cardiac
IR injury [21]. Besides, moderate and severe oxidative stress
has been shown to affect the SC assembly differently in brain
mitochondria of in the neuron-specific Rieske iron-sulfur pro-
tein and COX10 knockout mice; moderate oxidative stress
significantly increased whereas high levels of oxidative stress
reduced SC levels [22] suggesting that mild oxidative stress
can enhance the structural integrity of the IMM by stimulating
SC assemblies to overcome possible negative effects on the
membrane.

Cancer

Energy production is indispensable for tumorigenesis, and it is
expected that SC assembly could facilitate electron transport,
reduce mtROS production, and enhance ATP synthesis.
However, the role of SCs in tumorigenesis remains to be

elucidated. Recently, several studies provide strong evidence
that respiratory SC assembly can be affected in different types
of cancer. COX7AR, also known as COX7A2L, a stress-
inducible protein that is incorporated in the COX subunit,
participates in mitochondrial SC assembly and respiratory ac-
tivity [17, 79]. It is highly expressed in aggressive forms of
human breast cancer, and its upregulation increased energy
production and cell proliferation in the cancer cells [115].
These findings suggest that respiratory SCs stimulated by
COX7AR might have an underlying role in improving mito-
chondrial bioenergetics, although SCs were not analyzed in
this study. Analysis of human and mice breast cancer cell
lines showed that the cells with high HER2 (human epider-
mal growth factor receptor 2) expression contained in-
creased SC levels [116]. Treatment with MitoFam, the
mitochondrial-specific tamoxifen that blocks the action of
estrogen, prevented SC assembly and inhibited respiration
associated with increased mtROS production and cell death
that prevented tumor growth in a high HER2 mouse breast
cancer model [116]. Conversely, tamoxifen-resistant cells
contained reduced SC levels and diminished mitochondrial
respiration. The cells shifted their metabolism towards a
glycolytic phenotype associated with increased glycolysis,
higher ROS production, and fragmented mitochondria
[117]. It was concluded that reduced mitochondrial respira-
tory function and high mtROS production due to SC disas-
sembly contribute to tamoxifen resistance in breast cancer
cells.

In addition to SCs, regulatory factors of SC assembly were
found affected in cancer cells. Nearly half of patients with
acute myeloid leukemia displayed overexpression of
neurolysin, a zinc metallopeptidase [118]. Neurolysin was
found to interact with ETC complexes, and chemical and ge-
netic inhibition of neurolysin disrupted SCs assembly and
OXPHOS. Also, neurolysin was shown to interact with
LETM1, a SC regulator [118], suggesting that like breast can-
cer cells, inhibition of SC assembly could serve as a promising
therapeutic target against acute myeloid leukemia. COX7RP
or SCAF1, a critical regulator in the formation of respiratory
SCs, was found abundantly expressed in clinical breast and
endometrial cancers, and its overexpression associated with
the prognosis of breast cancer in patients [119]. In breast and
endometrial cancer cells, SCAF1 overexpression promoted
tumorigenesis and enhanced hypoxia tolerance associated
with the stabilization of SC assembly and modulation of the
metabolic profile. Likewise, overexpression of SCAF1 en-
hanced growth and metastasis of hepatocellular carcinoma.
Downregulation of miR-130a-3p in human hepatoma cell
lines led to an overexpression of SCAF1 [120]. The authors
suggested that the defects in SC assembly may play a crucial
role in hepatocellular carcinogenesis, although SC levels were
not analyzed in this study. Dihydropyrimidinase like 4
(DPYSL4) protein that localizes in mitochondria and interacts
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with respiratory SCs was found overexpressed in cancer cells
and preadipocytes. The downregulation of DPYSL4 had a
negative effect on tumor growth and metastasis, therefore cre-
ating a potential link between SCs, energy production, and
cancer [121]. These findings suggest a potential role of SCs
in metabolic reprogramming during carcinogenesis.

Thus, studies using biological samples of patients and dif-
ferent animal and cell models demonstrate that respiratory SC
assembly is affected by cancer and, targeting SCs may have
therapeutic potential for inhibition of cancer development.
Further studies are required to establish the precise role of
SCs in regulating mitochondrial metabolic pathways and en-
ergy production in cancer cells and the beneficial effects of SC
disassembly in the prevention of cancer.

Barth syndrome

As mentioned above, cardiolipin plays an essential role in
maintaining the structural and functional activity of respirato-
ry complexes and SCs. Therefore, a reduction in cardiolipin
levels and its oxidation is expected to play a causative role in
the disintegration of SCs and alteration of the ETC activity.
Alterations in the synthesis of mature cardiolipin induced by
X-linked mutations in the tafazzin gene result in Barth syn-
drome, a genetic multi-system disorder associated with dilated
cardiomyopathy, skeletal myopathy, immunodeficiency, and
growth delay [122]. Tafazzin knockdown mice develop cardi-
ac and skeletal muscle abnormalities and other defects similar
to patients with Barth syndrome [123, 124]. Mitochondria

isolated from patients with Barth syndrome and tafazzin
knockdown mice exhibited structural and functional abnor-
malities, decreased levels of mature cardiolipin, and accumu-
lation of the intermediate monolysocardiolipins. Analysis of
respiratory SCs inmitochondria isolated from lymphoblasts of
patients with Barth syndrome [24] and the heart of tafazzin
knockdown mice [21, 25] showed destabilization of SCs that
was associated with changes in the activity and protein levels
of individual ETC complexes. Protein levels of cyclophilin D,
a PTP regulator, was higher in tafazzin knockdown mitochon-
dria that demonstrated high mitochondrial swelling due to
increased PTP opening in these hearts [21]. Hence, SC disas-
sembly in tafazzin knockdown mice could be explained by
cardiolipin deficiency and enhanced PTP-induced swelling.
Despite 40% of respirasome levels in cardiac mitochondria
isolated from tafazzin knockdown mice, there was no differ-
ence in ROS production rates between wild-type and tafazzin
knockdown animals [21]. In addition to in vitro studies [31],
these findings challenge the role of respirasome in the reduc-
tion of mtROS production.

Neurodegenerative diseases

Comparative analysis of mitochondria in neurons and astro-
cytes revealed an associative link between SC assembly and
mitochondrial respiration and mtROS [84]. Astrocytes
contained a high amount of free CI associated with high ROS
production by these cells, whereas CI was found predominantly
assembled into SCs in neurons that produced substantially less

Fig. 4 The effects of mild and
severe stresses on the assembly of
respiratory SCs. Mild stress
stimulates the formation of SCs
(top), whereas severe stress
induces disassembly of SCs
(bottom), suggesting that
assembly/disassembly of SCs
compared to the normal state
(middle) depends on the severity
of stress stimuli
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mtROS compared to astrocytes. In neurons, the CI subunit
NDUFS1 was more abundant than in astrocytes, and
NDUFS1 knockdown in neurons diminished incorporation of
CI into SCs that was associated with impaired mitochondrial
respiration and increased mtROS production. In contrast, over-
expression of NDUFS1 in astrocytes increased CI assembling
into SCs and reduced ROS production [84]. The amount of CI
assembled in SCs has been proposed to explain the differences
inmitochondrial bioenergetics andmtROS production between
neurons and astrocytes. Fragile X-associated tremor/ataxia
syndrome (FXTAS) is an inherited neurodegenerative dis-
order that affects primarily male carriers of a premutation
expansion (55–200 CGG repeats) of the fragile X mental
retardation 1 gene (FMR1). Expression of CGG
premutation in SH-SY5Y and HEK-293 cells induced
SC disassembly associated with diminished activity and
expression of ETC complexes, and low ATP production
[125].

Mitochondria isolated from patients with Parkinson’s dis-
ease (PD) and animal models of parkinsonism were shown to
contain reduced CI activity and other abnormalities of the
ETC [126, 127]. Composition and abundance of individual
ETC complexes and SCs in striatal mitochondria were found
unaffected in rats with early PD [128]. However, CI was
disassembled from SCs and partially lost in fibroblasts from
patients with PD-relevant Pink1 mutations, as well as in cul-
tured neurons and forebrain samples from of Pink1−/− and PD-
related Dj1−/− mice [129]. The loss of CIV was even more
remarkable than CI. Apparently, diminished mitochondrial
respiration due to CI damage concomitant with SC disassem-
bly leads to energy deficiency and mtROS overproduction
observed in PD patients. Alzheimer’s disease is characterized
by the accumulation of β-amyloid peptides due to mutations
in the catalytic subunits of γ-secretase, presenilin-1 (PSEN1)
and presenilin-2 (PSEN2), and the amyloid precursor protein
(APP). The activity and protein levels of respirasome, SCI+
III, and SCIII+IV were found reduced in PSEN1 and PSEN2
double knockout mouse embryonic fibroblasts [130].
Chemical inhibition of γ-secretase showed similar effects on
SC assembly and activity. Mitochondria from the postmortem
prefrontal cortex of patients withAlzheimer’s disease revealed
significant reductions in CII, CIII, and CV and no changes in
CI levels [131]. Interestingly, despite the defects in ETC and
OXPHOS, respiratory SCs remained well preserved in these
patients, and no differences were found between the patients
and healthy individuals.

Aging

A growing number of studies examined the role of mitochon-
dria in cellular senescence and aging as a major source of
ROS. According to the mitochondrial free radical theory of
aging proposed in 1956 [132], ROS accumulation due to age-

related alterations in ETC activity and OXPHOS induces ge-
nomic damage to nuclear and mitochondrial DNA [133] and
accelerate telomere shortening [134] acting as the central
drivers of aging and major regulators of signaling network
necessary for cellular senescence. However, the precise and
primary role of mitochondria in cellular senescence and aging
remains unclear. In addition to increased mtROS production,
low antioxidant capacity [135], diminished redox system
[136], increased susceptibility to oxidative stress [137], and
non-mtROS sources [138] also play an important role in
aging.

ETC activity and OXPHOS decline with aging that is as-
sociated with mitochondrial uncoupling and low ATP due to
diminished activity of individual complexes [139, 140].
Therefore, it is expected that the organization of respirasome
can be altered in the aged mitochondria. In favor of this, SC
levels were significantly less in heart mitochondria isolated
from 24-month-old rats compared to young (5-month-old)
counterparts [27]. Mostly, SCs with the highest molecular
masses, such as respirasome, were severely diminished.
Analysis of SCs in gastrocnemius mitochondria isolated from
3-month- and 24-month-old rats revealed significant reduc-
tions in SCs, particularly SC I1+III2, in old animals that
contained the respirasome as a major SC among other supra-
molecular complexes [141]. Likewise, a 25% decrease in SCs
was observed in gastrocnemius mitochondria isolated from
aged rats (29-month-old) compared with their adult (5-
month-old) counterparts [142]. Cerebral cortex mitochondria
of 30-month-old rats contained significantly lower levels of
CI-associated SCs than 5-month old counterparts [143]. The
SC III2+IV1 was reduced slightly (only 1.5%) in the aged
cortex mitochondria.

In contrast, no significant differences in the protein levels
of SCs were found in kidney mitochondria isolated from
young (6-month-old) and old (24-month-old) rats [144].
Analysis of primary fibroblasts isolated from the skin of
young (~ 27 years) and older (~ 75 years) and old individuals
(about 100 years old) showed low protein expression levels of
CI and CIV, and more CV dimers and oligomers in old indi-
viduals compared to other two groups [145]. Although SCs
were not compared between the groups, no significant differ-
ences in the distribution of CI, CIII, and CIV in SCs were
found in young, older, and old individuals. Interestingly, ex-
ercise was shown to increase SC levels in skeletal muscle
mitochondria of aged (65 years) individuals [28].

Low levels of SCs, particularly respirasome, in mitochon-
dria of aged cells may be a consequence of age-related alter-
ations in the structural and functional organization of individ-
ual ETC complexes. Two models were proposed to explain
CI-containing SCs, particularly, SC I+III2 and respirasome
[34]. According to the first model, CI is required to be fully
assembled before SC formation [146], suggesting that SC
assembly occurs by direct interaction of individual
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preassembled complexes. We have shown that pharmaco-
logical inhibition of CI and CIII, but not CIV induced dis-
integration of respirasome in mitochondria isolated from rat
hearts [42]. Individual knockout of the accessory subunits
of CI disrupted CI activity and SC assembly in human
HEK293T cells, whereas assembly of CIII and CIV in the
SC was not affected [147]. Likewise, genetic silencing of
the CI subunit NDUFA11 disrupted the respirasome and
reduced the CI and CIII activity in H9c2 cardioblasts [42].
The second model proposes that preassembly of individual
complexes is not required for SC assembly. In favor of this,
SC assembly was observed in Neurospora crassa in the
absence of full pre-assembly of individual CIs [148].
Also, addition of new COX subunits to mitochondria stim-
ulated SC formation in patients with reduced CIV levels
[149]. Although currently, both models of SC assembly
are equally considerable, we suggest that age-related post-
translational changes (e.g., acetylation) and low enzymatic
activity of ETC complexes along with other structural and
functional changes in the IMM can hamper the assembly of
the respirasome and other SCs in aged cells.

Concluding remarks

A plethora of biochemical and structural studies provide strong
evidence that individual ETC complexes, particularly, CI, CIII,
and/or CIV, are assembled into respiratory SCs in various stoi-
chiometric ratios. Themain SC is the respirasome containing all
three complexes. Although several studies proposed a possible
role of SCs in the maintenance of the structural organization of
individual ETC complexes, reduction of electron leakage and
ROS production, facilitating substrate channeling, and preven-
tion of protein nucleation and aggregation, other studies chal-
lenged these findings. A large number of studies from different
groups found an associative link between SC disintegration and
organ/tissue dysfunction during cardiovascular and neurode-
generative diseases, cancer, Barth syndrome, and aging, sug-
gesting a possible contribution of SCs in the pathogenesis of
human diseases and aging. However, a cause-and-effect rela-
tionship between SC disassembly and human diseases remains
unresolved. Furthermore, several studies demonstrated no
change, even increases in SC levels in response to pathological
stimuli suggesting that (i) disintegration of SCs depends on the
severity and type of diseases, and (ii) SCs may play a structural
rather than functional role in mitochondria. Contradictory data
on the changes of SC levels in various human diseases and
animal diseasemodels can be explained by technical challenges
in the analysis of respiratory SCs. Mostly, conclusions are
based on Coomassie staining, and in-gel activity/
immunoblotting using the first dimension BN-PAGE gels,
which are not the most accurate quantitative techniques, and
many factors including the solubilization of the mitochondria

can influence the results. Also, in most of these reports, the
quality of the gels and the images are questionable. These tech-
nical difficulties could be the reason why some of the results on
the SC stability/disassembly are contradictory. Further studies
are required to clarify the role of SCs in physiological condi-
tions, as well as in response to pathological stimuli.
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