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Introduction

The succinate dehydrogenase complex subunit C (SDHC) 
protein is a large subunit with cytochrome b in mitochon-
drial complex II, a small peptide with 15.5 kDa. The SDHC 
structure has 140 amino acids and contains five α Helix and 
three transmembrane segments. The active gene SDHC 
has six exons and five introns, extending over 35 kb and is 
located at position 1q21, adjacent to the pericentric hetero-
chromatin on the long arm of chromosome 1.1 SDHC is the 
membrane anchor of mitochondrial complex II (MCII, or 
succinate dehydrogenase [SDH] or succinate: ubiquinone 
oxidoreductase [SQR]).2 A genome sequence analysis indi-
cated that SDHC was a housekeeping gene. SDHC exists in 
at least two protein complexes in the inner mitochondrial 
membrane and plays important roles in electron transfer and 
protein assembly.3 SDHC dysfunction caused by oxidative 
stress contributes to the occurrence of some diseases. The 
specific mechanism of SDHC involvement in the occurrence 
or development of tumors or other diseases is unclear. An 
in-depth understanding of the biological function of SDHC 

and its mechanism of action in related diseases may help 
identify clinical therapeutic targets. Here, we review studies 
on the biological function of SDHC and diseases caused by 
SDHC dysfunction and discuss the possible research direc-
tions for using SDHC as a therapeutic target.

Physiological functions of SDHC

Participation in MCII assembly

ATP synthesis in aerobic eukaryotes mainly occurs in mito-
chondria through oxidative phosphorylation. Electrons are 
added to oxygen molecules by four complexes, including 
MCII (SDH or SQR) connecting the tricarboxylic acid cycle 
and the oxidative phosphorylation process. MCII contains 
four subunits: two hydrophilic and two hydrophobic. The 
flavoprotein (SDHA) and iron–sulfur protein (SDHB) subu-
nits form the hydrophilic catalytic center of SDH inserted into 
the mitochondrial matrix. SDHC and SDHD are the hydro-
phobic transmembrane subunits that form the membrane-
anchoring domain embedded in the inner mitochondrial 
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Impact Statement

Much attention has been focused on oxidative dam-
age that plays a role in cancer and cellular aging. 
SDHC as a subunit of mitochondrial complex II plays 
an important role in generating energy to maintain 
normal cell and organismal growth. Here, we provide 
an insight into the currently available knowledge 
of the structure and biological function of SDHC, 
including its relationship to various diseases, and 
discuss whether SDHC might represent a future 
therapeutic target.
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membrane. There is a heme and a ubiquitin-binding site 
between SDHC and SDHD (Figure 1(a)).4 SDHA and SDHB 
contain two types of prosthetic groups: flavin adenine dinu-
cleotide (FAD) and iron–sulfur clusters. Stabilization of the 
SDHC–SDHD dimer requires a hydrophilic domain, and 
deletion of SDHA or SDHB results in an almost complete loss 
of the dimer.5 The SDHA–SDHB dimer can exist without one 
or both membrane anchors.6 This indicates that the SDHA–
SDHB dimerization forming an active hydrophilic structure 
may precede the SDHC–SDHD dimerization during SDH 
assembly. In addition, heme b contributes to the structural 
integrity of the membrane-anchoring domain.7 However, the 
process of SDHC–SDHD dimerization during SDH assembly 
is poorly understood.

In the presence of SDHC mutations or the absence of 
normal SDHC, SDHA and SDHB are imported into mito-
chondria but do not successfully assemble into MCII.8 SDHC 
downregulation reduces the activities of MCII and mito-
chondrial complex IV (MCIV) but does not affect respira-
tory body levels or cell numbers.9 This finding rules out the 
involvement of MCII, particularly SDHC, in the respiratory 
body. However, MCII may play a role in maintaining respira-
tory body integrity. In addition, because all other complexes 
in the respiratory chain contain some polypeptide subunits 
encoded by the mitochondrial genome, and all four subunits 
of MCII are completely encoded by nuclear genes, respira-
tory chain defects in MCII are relatively rare.

Involved in electron transfer in respiratory chain

Owing to different roles in the reaction process, MCII has 
two distinct enzymatic activities: SDH and SQR. SDH activ-
ity is completed by the dimer of SDHA and SDHB. In the 
tricarboxylic acid cycle (TCA), coenzyme Q (CoQ) acts as 
an electron acceptor, oxidizing succinic acid to fumaric acid. 
The electrons generated in this process are transferred from 

the succinic acid-binding site of the substrate SDHA subunit 
to the iron sulfur center of the SDHB subunit, and finally to 
the ubiquinone-binding site (QP). Contrary to the two-elec-
tron reduction of FAD, ubiquinone reduction occurs in two 
stepwise one-electron reactions. The QP site significantly sta-
bilizes the partially reduced semiquinone for the complete 
reduction of ubiquinol.10,11 QP is formed by SDHB, SDHC, 
and SDHD subunits of the intima.12 In addition, it was found 
in Escherichia coli that heme b, located between SDHC and 
SDHD, plays a key role in the energy transfer process.13

The mev-1 mutation of Caenorhabditis elegans encoding 
SDHC subunit homolog did not affect the SDH activity in 
mitochondria, but it reduced the MCII activity of mitochon-
drial membrane by more than 80%, which led to the separa-
tion of the two enzyme activities of MCII, the SQR activity of 
MCII was reduced, and the SDH activity was not affected. It 
shows that SDHC is directly involved in the electron trans-
fer from MCII to CoQ.14 The absence of SDHC affects the 
formation of the enzyme complex, destroys its stability, and 
damages its function, resulting in the occurrence of disease. 
SDHC mutation may affect the coenzyme Q-binding and 
heme b sites at the junction of SDHC and SDHD (Figure 
1(b)). QP is an important source of reactive oxygen species 
(ROS).15 In complex III, the function of cytochrome b is to 
remove hemiquinone by effectively acting as Q dismutase in 
the original exercise Q cycle.16 Cytochrome b560 in complex 
II may also have a similar function in stabilizing or decom-
posing semiquinone, and SDHC mutation may eliminate 
this function, thus making semiquinone accumulate. Its 
reaction with oxygen will lead to excessive production of 
superoxide. SDHC mutation may increase the production of 
superoxide in two ways. They may allow more electrons to 
leak from the MCII. The electrons leaked from the respira-
tory chain undergo one-electron reduction with molecular 
oxygen to generate a superoxide anion, which is the main 
source of ROS in the body. Subsequently, oxidative stress 

Figure 1. SDH participates in the mitochondrial electron transport chain and tricarboxylic acid cycle in the mitochondrial matrix. (a) Hypothetical model of SDH 
compound under normal function, which contains four subunits, that is SDHA, SDHB, SDHC, and SDHD. The red circle represents heme. (b) A hypothetical model of 
SDHC subunit inactivation, which contains four subunits, that is, SDHA, SDHB, SDHC, and SDHD. The red circle represents heme. 
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occurs. ROS contributes to normal physiological processes 
of cells at low concentrations but causes cell damage at high 
concentrations.17

Formation of the TIM22 complex

The SDH3 assembly with two distinct partner proteins, that 
is, SDH4 and Tim18, is recruited to two distinct mitochon-
drial membrane complexes with roles in bioenergetics and 
protein biosynthesis, respectively. In addition to being MCII 
subunits, Sdh3 and Tim18 participate in the biosynthesis and 
assembly of Tim22 and Tim54 into a functional TIM22 com-
plex (Figure 2).3 The TIM22 complex acts as a carrier trans-
locase to facilitate the insertion of a class of hydrophobins 
with internal targeting signals into the inner mitochondrial 
membrane and plays an important role in protein assembly.18

Promotion of apoptosis

SDH is an apoptosis sensor,19 and SDHC is a tumor-suppres-
sor and pro-apoptotic gene.20 SDHC overexpression exerts 
a strong pro-apoptotic effect that is pH-dependent. As pH 
decreases, SDHA and SDHB dissociate from membrane-
bound components of MCII required for SQR and SDH activ-
ities. Apoptosis is not induced by simultaneous inhibition of 
SQR and SDH activities but by reduced SQR activity alone, 
SDH activity is not affected, while superoxide is produced 
and cell apoptosis is promoted.21 The efficiency and kinet-
ics of pro-apoptotic effects of SDHC overexpression suggest 
that it may directly affect the MCII assembly.3 SDHC over-
expression induces apoptosis accompanied by a transient 
decrease in MCII activity and production of oxygen radi-
cals.22 Cells constitutively deficient in SDHC are resistant to 
the effects of various pro-apoptotic cytostatic drugs and Fas 
receptors. Inactivation of MCII subunits in cancer cells may 
compromise MCII as a whole, thus inhibiting SDH and SQR 
activities of MCII simultaneously, rendering MCII unable to 
induce apoptosis or promote tumorigenesis.21

Related diseases

SDHC mutation leads to excessive ROS production in cells. 
Excessive electron leakage from the mitochondrial respira-
tory chain converts oxygen molecules to a superoxide anion 
in mitochondria that quickly converts to hydrogen peroxide, 
which undergoes Fenton’s reaction to convert into a highly 
reactive hydroxyl radical. Superoxide anion, hydrogen 

peroxide, and hydroxyl radicals are collectively referred to as 
ROS. Destruction of cellular components by oxidative stress 
leads to many lifestyle and age-related diseases, such as dia-
betes and arteriosclerosis.23–25 Loss of the subunit function of 
SDH usually does not lead to a single common pathology but 
to various phenotypes of neurological diseases and tumors.

Neurodegenerative disease

The brain weighs only 2% of the body weight but consumes 
20% of the total energy consumed by the body. The subu-
nits and cofactors in MCII assembly play important roles 
in the nervous system, particularly in neurodegenerative 
diseases.26–29 SDHC V69E-mutant mice have impaired mito-
chondrial electron transport chain function, chronic oxida-
tive stress during physiological aging, and astrocyte defects 
accompanied by stress-activated protein kinases (SAPKs)/c-
Jun N-terminal protein kinases (JNKs) activation and Ca2+ 
overload.30 Astrocytes are cells that play an important role in 
neuronal metabolism. In addition, SDH activity supports the 
development and function of the nervous system.31

SDHC mutation and inhibition of SDHC activity are 
closely related to the occurrence of neurodegenerative dis-
eases. Neurons, particularly midbrain substantia nigra pars 
compacta (SNpc) dopaminergic neurons, are vulnerable 
to mitochondrial dysfunction because their energy comes 
from the mitochondrial glycolytic pathway or mitochondrial 
transfer between axons and dendrites. SDHD and SDHC 
bind to form the membrane-anchoring domain of SDH. In 
tyrosine hydroxylase-SDHD mice, in addition to reduced 
cell numbers in the adrenal medulla, carotid body, and 
superior cervical ganglia, dopaminergic neurons in post-
natal SNpc were reduced. Furthermore, metamaturity was 
inhibited, and dopamine neuron cells were progressively 
lost within the first year of life.32 SNpc is the most important 
neuronal population affected by Parkinson’s disease (PD), 
as mitochondrial damage is involved in the pathogenesis 
of this neurodegenerative disorder. Mitochondrial dysfunc-
tion is closely related to the occurrence and development 
of PD. Significant downregulation of SDHC was found in 
meta-analysis of substantia nigra and peripheral blood sam-
ples from patients with PD.33 Significant downregulation 
of SDHC was also found in the study of differential genes 
between parkinsonians without PARK2 or PARK8 muta-
tions and healthy individuals.34 In addition, an omics study 
on SNpc tissue samples from α-synuclein transgenic mice 
revealed significant SDHC downregulation.35

Although it is not clear how SDHC participates in the 
pathogenesis of PD, oxidative stress causes cell dam-
age, DNA repair damage, and mitochondrial dysfunction, 
which has been considered as a common cause of neuro-
degenerative diseases. It is also known that SDH is a key 
enzyme complex in mitochondrial TCA cycle and aerobic 
respiratory chain. MCII deficiency and reduced activity are 
found in patients with neurodegenerative diseases, such 
as Alzheimer’s disease (AD) and PD.28,36,37 SDH-mediated 
pyruvate metabolism is a key metabolic reaction in cells that 
leads to mitochondrial ATP production and drives several 
other biosynthetic processes. Pyruvate metabolism is abnor-
mal in both AD and PD, with elevated pyruvate levels in 

Figure 2. Hypothetical model of the TIM22 complex, which contains three 
membrane-integral subunits, that is, Tim54, Tim22, and Tim18, and the 
peripheral chaperone complex Tim9–Tim10–Tim12. 
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cerebrospinal fluid and serum, respectively. SDH binds indi-
rectly to various signaling pathways, such as the mamma-
lian target of rapamycin/regulatory element-binding protein 
pathway, which plays a crucial role in lipid synthesis.38 Lipid 
metabolism disorder, mitochondrial damage, apoptosis, free 
radicals, and oxidative stress are involved in the mechanism 
of PD. Therefore, the role of SDHC as the membrane-anchor-
ing domain of SDH in PD should be further studied.

Tumor

SDHC is a tumor-suppressor gene. It is a key player in the 
differentiation of cancer cells. SDHC has been implicated 
in the generation of pro-apoptotic signals.22 In SDHC E69 
cells, cytochrome c released from mitochondria was sig-
nificantly increased; oxidative stress activates the p53 and 
Ras signal transduction pathways.39 In addition, Hamster  
fibers expressing a mutation in SDH subunit C (SDHC; B9) 
increases the production of ROS, which can lead to metabolic 
stress, genomic instability, nuclear DNA damage, mutation, 
and tumorigenesis.40,41 The increased ROS production may 
activate hypoxia-inducible factors by simulating hypoxia 
signal pathways, thus promoting cell proliferation, angio-
genesis, and clinically observed tumor phenotype. The tumo-
rigenic potential of SDHC mutations has also been suggested 
to derive from the accumulation of succinate, which inhibits  
α-ketoglutarate-dependent prolyl hydroxylases (PHDs), thus 
causing a pseudohypoxia condition with hypoxia-inducible 
factor 1α (HIF-1α) stabilization and nuclear translocation in 
normoxia.42,43 This would result in constitutive activation of 
genes that favor tumor growth.44 These findings suggest that 
ROS generated by mitochondrial damage in SDHC trigger 
tumor progression.

SDHC transcripts have a deleted alternative splicing site, 
and two alternative splicing variants (ASVs) are generated 
through an alternative splicing mechanism. ASVs have a 
dominant-negative effect on SDHC activity and are associ-
ated with human disease. ∆3 ASV lacks exon 3 and encodes 
the major region of MCII oxidoreductase activity, mainly 
affecting a part of the succinate coenzyme Q oxidoreduc-
tase. ∆5 ASV lacks the heme-binding domain because of a 
frameshift mutation and is defective in exon 5 encoding the 
heme b560-binding domain, which results in marked reduc-
tion in SDH complex activity.45 This variant of SDHC may act 
as a 6/25 dominant-negative inhibitor of full-length SDHC. 
Since electrons cannot be transferred correctly, they leak eas-
ily to produce excess superoxide. These subtypes may play 
a role in SDH dysfunction-related tumorigenesis, including 
HCT-15 colorectal adenocarcinoma cells, where overexpres-
sions of the Δ3 SDHC isoform and Δ5 ASVs are associated 
with decreased SDH activity and increased ROS produc-
tion.45 Aberrant GATA1S expression in myeloid leukemia 
alters differentiation and proliferation potentials of hemato-
poietic precursors and leads to a poor prognosis. Aberrant 
SDHC ASV expression enhances the leukemic potential of 
GATA-1S.46 Alternatively spliced isoforms of SDHC may be 
involved in tumor cell differentiation. ASV has a dominant-
negative effect on SDHC activity and causes incomplete 
inhibition of SDHC transcription. During tumorigenesis, 
alternative splicing mechanisms may already exist in can-
cer cells evolving from differentiated cell types.47 Therefore, 

alternative splicing in SDHC tumor cells may reflect the pre-
existing alternative splicing machinery in parental cells. An 
understanding of factors regulating alternative splicing of 
SDHC could aid in the pathogenesis of SDHC ASV produc-
tion in tumors associated with SDH dysfunction.

Paraganglioma is a tumor that usually arises in neuro-
endocrine tissue along the paravertebral axis. Of all cases, 
35% are hereditary, caused by mutations in subunits of MCII. 
Paraganglioma-3, first described by Niemann and Muller 
in 2000, is a paraganglioma syndrome of autosomal domi-
nant inheritance, caused by SDHC mutations located at 
1q21–q23.48,49 A case series of patients with SDHC mutations 
from the United Kingdom revealed SDHC mutations in head 
and neck paraganglioma, extra-adrenal paraganglioma, and 
pheochromocytoma.50 Head and neck paragangliomas asso-
ciated with SDHC mutations are almost always benign and 
mostly solitary.51 A case of catecholamine-producing malig-
nant paraganglioma due to SDHC mutation showed G→T 
transversion in intron 5 + 1 of SDHC, resulting in exon 5 
deletion, reading frameshift,52 and aberrant splicing. Exon 
5 encodes part of the first transmembrane segment and the 
entire second transmembrane segment of SDHC. This may 
interfere with anchoring of the catalytic subunit of MCII 
to the mitochondrial membrane and, ultimately, enzyme 
failure.

Gastrointestinal stromal tumor (GIST) related to SDHC 
mutation, mainly originating from the stomach, the most 
frequent and greatest contiguous change involved loss of the 
chromosomal region 1q12–q23.3. Most patients with Carney 
triad (dual manifestation of GIST and paraganglioma) have 
tumors that exhibit SDHC promoter hypermethylation.53 
DNA methylation changes are hallmarks of human can-
cer.54 SDHC promoter hypermethylation is most common 
in SDH-deficient GISTs, present in up to one-third of cases, 
with Carney triad in 50% of cases.55,56

SDHX mutation is an intrinsic factor and the driving 
mechanism of epithelial–mesenchymal transition (EMT).57 
SDHC is a contributing factor in breast cancer. Its down-
regulation in breast cancer promotes EMT with concomi-
tant structural remodeling of mitochondrial organelles. In a 
comprehensive analysis of a cohort of patients with breast 
cancer, inverse association between EMT and SDHC under-
expression was relatively consistent and particularly pro-
nounced in basal-like molecular cancer subtypes, worsening 
the patient’s prognosis.58

Renal cell carcinoma originates in the kidney, and SDH-
deficient renal carcinoma was introduced in the World 
Health Organization 2016 classification. The main patho-
logical features are vacuolated eosinophilic cytoplasm and 
cytoplasmic inclusions. It is mainly associated with SDHB 
mutations, with fewer mutations in SDHC and SDHA.59 Loss 
of SDH complex activity associated with SDHC in liver can-
cer plays a key role in promoting growth and metastasis of 
hepatocellular carcinoma mainly through the ROS/nuclear 
factor kappa B signaling pathway.60

Central obesity

During the development of a familial pheochromocytoma 
and paraganglioma mouse model, Kang et al. incidentally 
found that SDHC-deficient tyrosine hydroxylase-expressing 



Wang et al.  Comprehensive overview of SDHC  267

mice developed non-diabetic obesity in adulthood. SDHC 
deletion results in loss of dopaminergic function and cat-
echolamine production and reduced dopaminergic signal-
ing, which in turn affects the dopamine signaling pathway 
to regulate food intake and energy metabolism.61 SDHC 
single-nucleotide polymorphisms are associated with the 
body mass index and the obesity risk.62 Altered gene expres-
sions in obese SDHC-deficient mice could explain the bal-
ance between the central nervous system and peripheral 
adrenergic deficits.

Emphysema

SDHC is also a key regulator of emphysema-driven skeletal 
muscle respiration and fatigue. It supports respiration of cul-
tured muscle cells. Mice with emphysema showed downregu-
lation of SDHC, but not of SDHA, SDHB, or SDHD in skeletal 
muscles and significantly reduced SDH activity.63 SDHC can 
regulate the muscle fiber type independent of its SDH com-
plex enzyme function. SDHC overexpression results in more 
type 2A and 2X fibers. It abrogates decreased oxygen con-
sumption and fatigue tolerance in animal models of emphy-
sema-induced skeletal muscle dysfunction.64 This mechanism 
may explain SDH function in patients with chronic obstruc-
tive pulmonary disease and skeletal muscle dysfunction.

SDHC mutation model

Mev-1 (kn-1) mutant gene is homologous to SDHC in human 
MCII. At present, the mev-1 models studied include SDHC 
E69 cells, G71E in Caenorhabditis elegans, I71E in Drosophila 
melanogaster, and V69E in mice (Table 1).41,65

In a transgenic mouse embryonic fibroblast NIH3T3 cell 
line, the mutation at the 69th position, changing a neutral 
amino acid (valine) to an acidic amino acid (glutamate) in 
mouse SDHC, is located within the functional ubiquinone-
binding region of complex II. The cell lines expressing the 
same amount of mRNA in transgenic and endogenous wild-
type alleles were named SDHC E69, and SDHC E69 cell lines 
were used as mev-1 cells.41 Mev-1 cells accumulate cytoplasmic 
carbonyl protein and 8-oxoguanine at a faster rate than wild-
type cells. In the first month after establishment, mev-1 cells 
show a loss of contact inhibition, and there are many apoptotic 

molecular like particles. The activity of caspase 3 is 1.3–1.8 
times higher. When one-month mev-1 cells were injected 
under the epithelium of nude mice, they rapidly disappeared 
as compared with the wild type. These cells undergo apop-
tosis. Conversely, injecting the same number of three-month 
mev-1 cells resulted in the production of tumors.39

The mutation of mev-1 of Caenorhabditis elegans leads to 
substitution of the 71st amino acid from glycine to glutamic 
acid (G71E).65 The ability of complex II to participate in elec-
tron transmission is impaired. The mev-1 mutation is allergic 
to the ROS producing chemical methyl viologen, and the rate 
of accumulating fluorescent substances and protein carbonyl 
derivatives is significantly higher than that of wild type.66,67 
The mev-1 mutation is very sensitive to the increase in oxy-
gen concentration. With the increase of oxygen concentration 
from 1% to 60%, its life span is significantly shortened.68 
Compared with the control flies, the average life span of 
transgenic flies expressing dominant-negative form SdhCI71E 
was significantly reduced by 22%, and the amount of car-
bonyl protein was significantly increased, indicating that 
these flies induced high levels of oxidative stress in vivo.69 
The drosophila model can be used to study the aging process 
induced by excessive ROS.

A mev-1 transgenic mouse that contained the mutated 
SDHCV69E transgene is the mutation site located in the 
ubiquinone functional-binding region of complex II. The 
level of ROS in the mitochondria of the heart and muscle 
of this mouse increased, and the weight and exercise ability 
decreased. Mitochondrial structure abnormalities, especially 
in muscle, showed swelling and enlargement, leading to 
atrophy of muscle fibers. In addition, this mev-1 transgenic 
mouse showed a sterile phenotype.70 The Tet-mev-1 condi-
tional transgenic mouse line was established through the 
Tet-On/Off structure.71 It has low fertility, is prone to spon-
taneous abortion and repeated abortion, and age-related 
female infertility, low birth weight and growth retardation, 
and accumulates cytoplasmic carbonyl protein and 8-oxgua-
nine faster than wild-type mice.71–73 Middle-aged Tet-mev-1 
mice showed JNK/SAPK activation and Ca2+ overload, par-
ticularly in astrocytes. This led to decreasing levels of glial 
fibrillary acidic protein and S100β in the hippocampal area, 
and astrocyte deficiency occurred.30 Tet-mev-1 mice exhibited 

Table 1. Functional changes of SDHC gene mutation biological model.

SDHC mutation model Mutation site Functional changes

mev-1 cells SDHC(Val69Gl) Abnormal mitochondrial structure41

Increasing carbonylated proteins and 8-OhdG41

High activity of caspase 341

Tumorigenicity39

Caenorhabditis elegans mev-1 SDHC(G71E) Sensitive to the increase of oxygen concentration68

Increasing carbonylated proteins and 8-OhdG66,67

Drosophila mev-1-mimic SdhC(I71E) Accelerated aging69

Increasing amount of carbonyl protein69

Tet-mev-1 conditional transgenic mice SDHC(V69E) Abnormal mitochondrial structure70

Weight and exercise ability decreased70

Low fertility, Spontaneous abortion22,23

Increasing carbonylated proteins and 8-OhdG71

Decreasing levels of glial fibrillary acidic protein and S100β in the hippocampal area30

Accelerated corneal dysfunction with age74–76

SDHC: succinate dehydrogenase complex subunit C.
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accelerated corneal dysfunction with age, that is, delayed 
keratitis epithelialization, decreased endothelial cells, thick-
ened Descemet’s membrane, and corneal stroma thinning. It 
can also cause dry eye syndrome due to lacrimal gland dys-
function.74–76 In addition to being a mitochondrial-mediated 
oxidative stress model, this model can also be used to study 
the effects of oxidative stress on neurons or astrocytes and 
the pathogenesis of ROS in the eye.

Possible therapeutic targets

MCII is a pharmacologically useful target because drugs can 
relatively independently interfere with its two enzymatic 
activities: SDH activity in maintaining the TCA cycle and 
SQR activity in transporting electrons from the TCA cycle 
to the respiratory chain.77 The natural compound gracillin 
disrupts MCII function by eliminating SDH activity without 
affecting SQR, with potential as an antitumor drug.78 SDH 
inhibitors target SDH on the mitochondrial respiratory trans-
port chain, cover ubiquinone sites, block the transmission of 
electrons from [3Fe-4S] to coenzyme Q, interfere with res-
piration, lead to ROS production, and eventually, cause cell 
apoptosis. Moreover, they are widely used as insecticides in 
fungal diseases worldwide.79,80 SDHC is lined at the QP site 
and contributes to formation of the QP site in MCII.81 The QP 
site can be used as a target for cell death induction related to 
cancer therapy.82 Mitochondrial complex II inhibitor, which 
specifically inhibits the ubiquinone-binding site of SDH, can 
enhance the apoptosis induced by cisplatin, a drug com-
monly used in cancer treatment. This discovery is helpful to 
solve the drug resistance of chemotherapy in cancer treat-
ment and the serious side effects of patients.83 Patients with 
SDHC epimutation paraganglioma may benefit from drugs 
causing hypomethylation and targeting hypoxia-inducible 
factors.53 ASV has a dominant-negative effect on SDHC 
activity. Compared with the full-length isoform-expressing 
cells, SDHC Δ5 ASV expression significantly reduces SDH 
activity, providing a new therapeutic target, possibly by 
promoting the production of non-functional or dominant-
negative types of SDHC ASV to limit the growth potential of 
tumor cells.45 Further studies are required to identify specific 
inhibitors or activators of SDHC.

Conclusions

Oxidative stress results from oxygen consumption in aero-
bic respiration by an organism and is expressed as a per-
sistent state of imbalance between the production of ROS 
and detoxification capacity of the endogenous antioxidant 
system. As an important subunit of SDH, SDHC participates 
in the TCA cycle and electron transfer and plays a key role 
in mitochondrial metabolism. When SDHC is inactivated, 
abundant ROS is produced, which is a key factor in the 
occurrence and development of many diseases, such as neu-
rodegenerative diseases. SDHC transgenic animal model is a 
suitable model to study oxidative stress of respiratory chain 
injury. However, SDHC regulation in SDH and SQR activi-
ties requires further research. It can advance our understand-
ing of the mechanism of MCII damage in oxidative stress 
and induction of apoptosis and, simultaneously, promote 
our understanding of related diseases.

AuTHORS’ CONTRIbuTIONS

All authors participated in the design, interpretation, and analy-
sis of the data and review of the manuscript; QW wrote the 
article, YLZ, ML, NNZ collected and analyzed the literature, and 
JGY modified the article.

DECLARATION OF CONFLICTINg INTERESTS

The author(s) declared no potential conflicts of interest with respect 
to the research, authorship, and/or publication of this article.

FuNDINg

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this 
article: This work was supported by the National Natural 
Science Foundation of China (NSFC, No. 81860246, 82160517), 
Thousands of Young and Middle aged Backbone Teachers in 
Guangxi Colleges and Universities Training Plan, and Innovation 
Project of Guangxi Graduate Education.

ORCID IDS

Qi Wang  https://orcid.org/0000-0002-3977-0972

Jianguo Yan  https://orcid.org/0000-0003-4601-4830

REFERENCES

 1. Elbehti-Green A, Au HC, Mascarello JT, Ream-Robinson D, Scheffler 
IE. Characterization of the human SDHC gene encoding of the integral 
membrane proteins of succinate-quinone oxidoreductase in mitochon-
dria. Gene 1998;213:133–40

 2. Hirawake H, Taniwaki M, Tamura A, Kojima S, Kita K. Cytochrome 
b in human complex II (succinate-ubiquinone oxidoreductase): cDNA 
cloning of the components in liver mitochondria and chromosome 
assignment of the genes for the large (SDHC) and small (SDHD) sub-
units to 1q21 and 11q23. Cytogenet Cell Genet 1997;79:132–8

 3. Gebert N, Gebert M, Oeljeklaus S, von der Malsburg K, Stroud DA, 
Kulawiak B, Wirth C, Zahedi RP, Dolezal P, Wiese S, Simon O, Schulze-
Specking A, Truscott KN, Sickmann A, Rehling P, Guiard B, Hunte C, 
Warscheid B, van der Laan M, Pfanner N, Wiedemann N. Dual func-
tion of Sdh3 in the respiratory chain and TIM22 protein translocase of 
the mitochondrial inner membrane. Molecular Cell 2011;44:811–8

 4. Rutter J, Winge DR, Schiffman JD. Succinate dehydrogenase— 
assembly, regulation and role in human disease. Mitochondrion 2010;10: 
393–401

 5. Na U, Yu W, Cox J, Bricker DK, Brockmann K, Rutter J, Thummel CS, 
Winge DR. The LYR factors SDHAF1 and SDHAF3 mediate maturation 
of the iron-sulfur subunit of succinate dehydrogenase. Cell Metabolism 
2014;20:253–66

 6. Kim HJ, Jeong MY, Na U, Winge DR. Flavinylation and assembly of 
succinate dehydrogenase are dependent on the C-terminal tail of the 
flavoprotein subunit. J Biol Chem 2012;287:40670–9

 7. Lemarie A, Grimm S. Mutations in the heme b-binding residue of 
SDHC inhibit assembly of respiratory chain complex II in mammalian 
cells. Mitochondrion 2009;9:254–60

 8. Scheffler IE. Molecular genetics of succinate:quinone oxidoreductase 
in eukaryotes. Prog Nucleic Acid Res Mol Biol 1998;60:267–315

 9. Jang S, Javadov S. Elucidating the contribution of ETC complexes I 
and II to the respirasome formation in cardiac mitochondria. Sci Rep 
2018;8:17732

 10. Sun F, Huo X, Zhai Y, Wang A, Xu J, Su D, Bartlam M, Rao Z. Crystal 
structure of mitochondrial respiratory membrane protein complex II. 
Cell 2005;121:1043–57

 11. Yankovskaya V, Horsefield R, Törnroth S, Luna-Chavez C, Miyoshi H, 
Léger C, Byrne B, Cecchini G, Iwata S. Architecture of succinate dehy-
drogenase and reactive oxygen species generation. Science (New York, 
NY) 2003;299:700–4

https://orcid.org/0000-0002-3977-0972
https://orcid.org/0000-0003-4601-4830


Wang et al.  Comprehensive overview of SDHC  269

 12. Guo J, Lemire BD. The ubiquinone-binding site of the Saccharomyces 
cerevisiae succinate-ubiquinone oxidoreductase is a source of superoxide. 
J Biol Chem 2003;278:47629–35

 13. Anderson RF, Hille R, Shinde SS, Cecchini G. Electron transfer within 
complex II. Succinate:ubiquinone oxidoreductase of Escherichia coli.  
J Biol Chem 2005;280:33331–7

 14. Ishii N, Fujii M, Hartman PS, Tsuda M, Yasuda K, Senoo-Matsuda N, 
Yanase S, Ayusawa D, Suzuki K. A mutation in succinate dehydroge-
nase cytochrome b causes oxidative stress and ageing in nematodes. 
Nature 1998;394:694–7

 15. Szeto SSW, Reinke SN, Sykes BD, Lemire BD. Ubiquinone-binding site 
mutations in the Saccharomyces cerevisiae succinate dehydrogenase 
generate superoxide and lead to the accumulation of succinate. J Biol 
Chem 2007;282:27518–26

 16. Turrens JF, Alexandre A, Lehninger AL. Ubisemiquinone is the electron 
donor for superoxide formation by complex III of heart mitochondria. 
Arch Biochem Biophys 1985;237:408–14

 17. D’Angio CT, Finkelstein JN. Oxygen regulation of gene expression: a 
study in opposites. Mol Genet Metab 2000;71:371–80

 18. Bauer MF, Hofmann S, Neupert W, Brunner M. Protein translocation into 
mitochondria: the role of TIM complexes. Trends Cell Biol 2000;10:25–31

 19. Hwang MS, Rohlena J, Dong LF, Neuzil J, Grimm S. Powerhouse 
down: complex II dissociation in the respiratory chain. Mitochondrion 
2014;19:20–8

 20. Albayrak T, Grimm S. A high-throughput screen for single gene 
activities: isolation of apoptosis inducers. Biochem Biophys Res Commun 
2003;304:772–6

 21. Lemarie A, Huc L, Pazarentzos E, Mahul-Mellier AL, Grimm S.  
Specific disintegration of complex II succinate:ubiquinone oxidoreduc-
tase links pH changes to oxidative stress for apoptosis induction. Cell 
Death Differ 2011;18:338–49

 22. Albayrak T, Scherhammer V, Schoenfeld N, Braziulis E, Mund T, Bauer 
MK, Scheffler IE, Grimm S. The tumor suppressor cybL, a component 
of the respiratory chain, mediates apoptosis induction. Mol Biol Cell 
2003;14:3082–96

 23. Chen Z, Zhong C. Oxidative stress in Alzheimer’s disease. Neurosci 
Bull 2014;30:271–81

 24. Kattoor AJ, Pothineni NVK, Palagiri D, Mehta JL. Oxidative stress in 
atherosclerosis. Curr Atheroscler Rep 2017;19:42

 25. Moldogazieva NT, Mokhosoev IM, Mel’nikova TI, Porozov YB,  
Terentiev AA. Oxidative stress and advanced lipoxidation and glyca-
tion end products (ALEs and AGEs) in aging and age-related diseases. 
Oxid Med Cell Longev 2019;2019:3085756

 26. Ma YY, Wu TF, Liu YP, Wang Q, Li XY, Ding Y, Song JQ, Shi XY, Zhang 
WN, Zhao M, Hu LY, Ju J, Wang ZL, Yang YL, Zou LP. Two compound 
frame-shift mutations in succinate dehydrogenase gene of a Chinese 
boy with encephalopathy. Brain Dev 2014;36:394–8

 27. Parfait B, Chretien D, Rötig A, Marsac C, Munnich A, Rustin P.  
Compound heterozygous mutations in the flavoprotein gene of the 
respiratory chain complex II in a patient with Leigh syndrome. Hum 
Genet 2000;106:236–43

 28. Damiano M, Diguet E, Malgorn C, D’Aurelio M, Galvan L, Petit F,  
Benhaim L, Guillermier M, Houitte D, Dufour N, Hantraye P, Canals 
JM, Alberch J, Delzescaux T, Déglon N, Beal MF, Brouillet E. A role of 
mitochondrial complex II defects in genetic models of Huntington’s dis-
ease expressing N-terminal fragments of mutant huntingtin. Hum Mol 
Genet 2013;22:3869–82

 29. Ohlenbusch A, Edvardson S, Skorpen J, Bjornstad A, Saada A, Elpeleg  
O, Gärtner J, Brockmann K. Leukoencephalopathy with accumulated 
succinate is indicative of SDHAF1 related complex II deficiency. 
Orphanet J Rare Dis 2012;7:69

 30. Ishii T, Takanashi Y, Sugita K, Miyazawa M, Yanagihara R, Yasuda K, 
Onouchi H, Kawabe N, Nakata M, Yamamoto Y, Hartman PS, Ishii N. 
Endogenous reactive oxygen species cause astrocyte defects and neu-
ronal dysfunctions in the hippocampus: a new model for aging brain. 
Aging Cell 2017;16:39–51

 31. Van Vranken JG, Na U, Winge DR, Rutter J. Protein-mediated assem-
bly of succinate dehydrogenase and its cofactors. Crit Rev Biochem Mol 
Biol 2015;50:168–80

 32. Díaz-Castro B, Pintado CO, García-Flores P, López-Barneo J, Piruat 
JI. Differential impairment of catecholaminergic cell maturation and  
survival by genetic mitochondrial complex II dysfunction. Mol Cell Biol 
2012;32:3347–57

 33. Chi J, Xie Q, Jia J, Liu X, Sun J, Deng Y, Yi L. Integrated analysis and 
identification of novel biomarkers in Parkinson’s disease. Front Aging 
Neurosci 2018;10:178

 34. Aguiar PM, Severino P. Biomarkers in Parkinson disease: global 
gene expression analysis in peripheral blood from patients with and 
without mutations in PARK2 and PARK8. Einstein (Sao Paulo, Brazil) 
2010;8:291–7

 35. Yan J, Zhang P, Jiao F, Wang Q, He F, Zhang Q, Zhang Z, Lv Z, 
Peng X, Cai H, Tian B. Quantitative proteomics in A30P*A53T  
α-synuclein transgenic mice reveals upregulation of Sel1l. PLoS ONE 
2017;12:e0182092

 36. Long J, He P, Shen Y, Li R. New evidence of mitochondria dysfunc-
tion in the female Alzheimer’s disease brain: deficiency of estrogen 
receptor-β. J Alzheimers Dis 2012;30:545–58

 37. Hattori N, Tanaka M, Ozawa T, Mizuno Y. Immunohistochemical 
studies on complexes I, II, III, and IV of mitochondria in Parkinson’s 
disease. Ann Neurol 1991;30:563–71

 38. Jodeiri Farshbaf M, Kiani-Esfahani A. Succinate dehydrogenase: pros-
pect for neurodegenerative diseases. Mitochondrion 2018;42:77–83

 39. Miyazawa M, Ishii T, Kirinashizawa M, Yasuda K, Hino O, Hartman 
PS, Ishii N. Cell growth of the mouse SDHC mutant cells was sup-
pressed by apoptosis throughout mitochondrial pathway. Biosci Trends 
2008;2:22–30

 40. Slane BG, Aykin-Burns N, Smith BJ, Kalen AL, Goswami PC, Domann 
FE, Spitz DR. Mutation of succinate dehydrogenase subunit C results 
in increased O2.-, oxidative stress, and genomic instability. Cancer Res 
2006;66:7615–20

 41. Ishii T, Yasuda K, Akatsuka A, Hino O, Hartman PS, Ishii N. A mutation 
in the SDHC gene of complex II increases oxidative stress, resulting in 
apoptosis and tumorigenesis. Cancer Res 2005;65:203–9

 42. Selak MA, Armour SM, MacKenzie ED, Boulahbel H, Watson DG, 
Mansfield KD, Pan Y, Simon MC, Thompson CB, Gottlieb E. Succinate 
links TCA cycle dysfunction to oncogenesis by inhibiting HIF-alpha 
prolyl hydroxylase. Cancer Cell 2005;7:77–85

 43. Brière JJ, Favier J, Bénit P, El Ghouzzi V, Lorenzato A, Rabier D, Di 
Renzo MF, Gimenez-Roqueplo AP, Rustin P. Mitochondrial succi-
nate is instrumental for HIF1alpha nuclear translocation in SDHA-
mutant fibroblasts under normoxic conditions. Hum Mol Genet 2005;14: 
3263–9

 44. Ruan K, Song G, Ouyang G. Role of hypoxia in the hallmarks of human 
cancer. J Cell Biochem 2009;107:1053–62

 45. Satoh N, Yokoyama C, Itamura N, Miyajima-Nakano Y, Hisatomi H. 
Alternative splicing isoform in succinate dehydrogenase complex, 
subunit C causes downregulation of succinate-coenzyme Q oxidore-
ductase activity in mitochondria. Oncol Lett 2015;9:330–4

 46. Trombetti S, Sessa R, Catapano R, Rinaldi L, Lo Bianco A, Feliciello A, 
Izzo P, Grosso M. Exploring the leukemogenic potential of GATA-1(S), 
the shorter isoform of GATA-1: novel insights into mechanisms ham-
pering respiratory chain complex II activity and limiting oxidative phos-
phorylation efficiency. Antioxidants (Basel, Switzerland) 2021;10:1603

 47. Zhang Y, Qian J, Gu C, Yang Y. Alternative splicing and cancer: a 
systematic review. Signal Transduct Target Ther 2021;6:78

 48. Niemann S, Steinberger D, Müller U. PGL3, a third, not maternally 
imprinted locus in autosomal dominant paraganglioma. Neurogenetics 
1999;2:167–70

 49. Niemann S, Müller U. Mutations in SDHC cause autosomal dominant 
paraganglioma, type 3. Nat Genet 2000;26:268–70

 50. Williams ST, Chatzikyriakou P, Carroll PV, McGowan BM, Velusamy 
A, White G, Obholzer R, Akker S, Tufton N, Casey RT, Maher ER, 
Park SM, Porteous M, Dyer R, Tan T, Wernig F, Brady AF, Kosicka-
Slawinska M, Whitelaw BC, Dorkins H, Lalloo F, Brennan P, Carlow J, 
Martin R, Mitchell AL, Harrison R, Hawkes L, Newell-Price J, Kelsall 
A, Igbokwe R, Adlard J, Schirwani S, Davidson R, Morrison PJ, Chung 
TT, Bowles C, Izatt L. SDHC phaeochromocytoma and paraganglioma: 
a UK-wide case series. Clin Endocrinol 2022;96:499–512



270  Experimental Biology and Medicine  Volume 248  February 2023

 51. Schiavi F, Boedeker CC, Bausch B, Peçzkowska M, Gomez CF,  
Strassburg T, Pawlu C, Buchta M, Salzmann M, Hoffmann MM, Ber-
lis A, Brink I, Cybulla M, Muresan M, Walter MA, Forrer F, Välimäki 
M, Kawecki A, Szutkowski Z, Schipper J, Walz MK, Pigny P, Bauters 
C, Willet-Brozick JE, Baysal BE, Januszewicz A, Eng C, Opocher G, 
Neumann HP. Predictors and prevalence of paraganglioma syndrome 
associated with mutations of the SDHC gene. JAMA 2005;294:2057–63

 52. Niemann S, Müller U, Engelhardt D, Lohse P. Autosomal dominant 
malignant and catecholamine-producing paraganglioma caused by a 
splice donor site mutation in SDHC. Hum Genet 2003;113:92–4

 53. Bernardo-Castiñeira C, Valdés N, Sierra MI, Sáenz-de-Santa-María I, 
Bayón GF, Perez RF, Fernández AF, Fraga MF, Astudillo A, Menéndez 
R, Fernández B, Del Olmo M, Suarez C, Chiara MD. SDHC promoter 
methylation, a novel pathogenic mechanism in parasympathetic para-
gangliomas. J Clin Endocrinol Metab 2018;103:295–305

 54. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. 
Cell 2011;144:646–74

 55. Killian JK, Miettinen M, Walker RL, Wang Y, Zhu YJ, Waterfall JJ, 
Noyes N, Retnakumar P, Yang Z, Smith WI Jr, Killian MS, Lau CC, 
Pineda M, Walling J, Stevenson H, Smith C, Wang Z, Lasota J, Kim SY, 
Boikos SA, Helman LJ, Meltzer PS. Recurrent epimutation of SDHC in 
gastrointestinal stromal tumors. Sci Transl Med 2014;6:268ra177

 56. Haller F, Moskalev EA, Faucz FR, Barthelmeß S, Wiemann S, Bieg M, 
Assie G, Bertherat J, Schaefer IM, Otto C, Rattenberry E, Maher ER, 
Ströbel P, Werner M, Carney JA, Hartmann A, Stratakis CA, Agaimy 
A. Aberrant DNA hypermethylation of SDHC: a novel mechanism of 
tumor development in Carney triad. Endocr Relat Cancer 2014;21:567–77

 57. Aspuria PP, Lunt SY, Väremo L, Vergnes L, Gozo M, Beach JA, Salum-
bides B, Reue K, Wiedemeyer WR, Nielsen J, Karlan BY, Orsulic S. 
Succinate dehydrogenase inhibition leads to epithelial-mesenchymal 
transition and reprogrammed carbon metabolism. Cancer Metab 2014;2:21

 58. Røsland GV, Dyrstad SE, Tusubira D, Helwa R, Tan TZ, Lotsberg ML, 
Pettersen IKN, Berg A, Kindt C, Hoel F, Jacobsen K, Arason AJ, Engelsen 
AST, Ditzel HJ, Lønning PE, Krakstad C, Thiery JP, Lorens JB, Knappskog 
S, Tronstad KJ. Epithelial to mesenchymal transition (EMT) is associated 
with attenuation of succinate dehydrogenase (SDH) in breast cancer 
through reduced expression of SDHC. Cancer Metab 2019;7:6

 59. Kamai T, Higashi S, Murakami S, Arai K, Namatame T, Kijima T, Abe 
H, Jamiyan T, Ishida K, Shirataki H, Yoshida KI. Single nucleotide vari-
ants of succinate dehydrogenase A gene in renal cell carcinoma. Cancer 
Sci 2021;112:3375–87

 60. Li J, Liang N, Long X, Zhao J, Yang J, Du X, Yang T, Yuan P, Huang X, 
Zhang J, He X, Xing J. SDHC-related deficiency of SDH complex activ-
ity promotes growth and metastasis of hepatocellular carcinoma via 
ROS/NFκB signaling. Cancer Lett 2019;461:44–55

 61. Al Khazal F, Kang S, Nelson Holte M, Choi DS, Singh R, Ortega-Sáenz P,  
López-Barneo J, Maher LJ III. Unexpected obesity, rather than tumori-
genesis, in a conditional mouse model of mitochondrial complex II 
deficiency. FASEB J 2021;35:e21227

 62. de Marco G, Garcia-Garcia AB, Real JT, Gonzalez-Albert V, Briongos-
Figuero LS, Cobos-Siles M, Lago-Sampedro A, Corbaton A, Teresa 
Martinez-Larrad M, Carmena R, Martin-Escudero JC, Rojo-Martínez 
G, Chaves FJ. Respiratory chain polymorphisms and obesity in the 
Spanish population, a cross-sectional study. BMJ Open 2019;9:e027004

 63. Balnis J, Korponay TC, Vincent CE, Singer DV, Adam AP, Lacomis 
D, Lee CG, Elias JA, Singer HA, Jaitovich A. IL-13-driven pulmonary 
emphysema leads to skeletal muscle dysfunction attenuated by endur-
ance exercise. J Appl Physiol 2020;128:134–48

 64. Balnis J, Drake LA, Vincent CE, Korponay TC, Singer DV, Lacomis D, 
Lee CG, Elias JA, Jourd’heuil D, Singer HA, Jaitovich A. SDH subunit 
C regulates muscle oxygen consumption and fatigability in an animal 
model of pulmonary emphysema. Am J Respir Cell Mol Biol 2021;65:259–71

 65. Ishii N, Takahashi K, Tomita S, Keino T, Honda S, Yoshino K, Suzuki K. 
A methyl viologen-sensitive mutant of the nematode Caenorhabditis 
elegans. Mutat Res 1990;237:165–71

 66. Hosokawa H, Ishii N, Ishida H, Ichimori K, Nakazawa H, Suzuki K. 
Rapid accumulation of fluorescent material with aging in an oxygen-
sensitive mutant mev-1 of Caenorhabditis elegans. Mech Ageing Dev 
1994;74:161–70

 67. Adachi H, Fujiwara Y, Ishii N. Effects of oxygen on protein carbonyl 
and aging in Caenorhabditis elegans mutants with long (age-1) and 
short (mev-1) life spans. J Gerontol A Biol Sci Med Sci 1998;53:B240–4

 68. Honda S, Ishii N, Suzuki K, Matsuo M. Oxygen-dependent perturbation 
of life span and aging rate in the nematode. J Gerontol 1993;48:B57–61

 69. Tsuda M, Sugiura T, Ishii T, Ishii N, Aigaki T. A mev-1-like dominant- 
negative SdhC increases oxidative stress and reduces lifespan in 
Drosophila. Biochem Biophys Res Commun 2007;363:342–6

 70. Ishii T, Miyazawa M, Onouchi H, Yasuda K, Hartman PS, Ishii N. 
Model animals for the study of oxidative stress from complex II. 
Biochim Biophys Acta 2013;1827:588–97

 71. Ishii T, Miyazawa M, Onodera A, Yasuda K, Kawabe N, Kirinashizawa 
M, Yoshimura S, Maruyama N, Hartman PS, Ishii N. Mitochondrial 
reactive oxygen species generation by the SDHC V69E mutation causes 
low birth weight and neonatal growth retardation. Mitochondrion 2011; 
11:155–65

 72. Ishii T, Miyazawa M, Takanashi Y, Tanigawa M, Yasuda K, Onouchi 
H, Kawabe N, Mitsushita J, Hartman PS, Ishii N. Genetically induced 
oxidative stress in mice causes thrombocytosis, splenomegaly and 
placental angiodysplasia that leads to recurrent abortion. Redox Biol 
2014;2:679–85

 73. Ishii T, Yasuda K, Miyazawa M, Mitsushita J, Johnson TE, Hartman 
PS, Ishii N. Infertility and recurrent miscarriage with complex II defi-
ciency-dependent mitochondrial oxidative stress in animal models. 
Mech Ageing Dev 2016;155:22–35

 74. Onouchi H, Ishii T, Miyazawa M, Uchino Y, Yasuda K, Hartman PS, 
Kawai K, Tsubota K, Ishii N. Mitochondrial superoxide anion over-
production in Tet-mev-1 transgenic mice accelerates age-dependent 
corneal cell dysfunctions. Invest Ophthalmol Vis Sci 2012;53:5780–7

 75. Uchino Y, Kawakita T, Miyazawa M, Ishii T, Onouchi H, Yasuda K, 
Ogawa Y, Shimmura S, Ishii N, Tsubota K. Oxidative stress induced 
inflammation initiates functional decline of tear production. PLoS ONE 
2012;7:e45805

 76. Uchino Y, Kawakita T, Ishii T, Ishii N, Tsubota K. A new mouse model 
of dry eye disease: oxidative stress affects functional decline in the 
lacrimal gland. Cornea 2012;31:S63–7

 77. Kluckova K, Bezawork-Geleta A, Rohlena J, Dong L, Neuzil J. Mito-
chondrial complex II, a novel target for anti-cancer agents. Biochim 
Biophys Acta 2013;1827:552–64

 78. Min HY, Jang HJ, Park KH, Hyun SY, Park SJ, Kim JH, Son J, Kang SS, 
Lee HY. The natural compound gracillin exerts potent antitumor activity 
by targeting mitochondrial complex II. Cell Death Dis 2019;10:810

 79. Yanicostas C, Soussi-Yanicostas N. SDHI fungicide toxicity and asso-
ciated adverse outcome pathways: what can Zebrafish tell us? Int J Mol 
Sci 2021;22:12362

 80. Horsefield R, Yankovskaya V, Sexton G, Whittingham W, Shiomi K, 
Omura S, Byrne B, Cecchini G, Iwata S. Structural and computational 
analysis of the quinone-binding site of complex II (succinate-ubiquinone 
oxidoreductase): a mechanism of electron transfer and proton conduc-
tion during ubiquinone reduction. J Biol Chem 2006;281:7309–16

 81. Swettenham E, Witting PK, Salvatore BA, Neuzil J. Alpha-tocoph-
eryl succinate selectively induces apoptosis in neuroblastoma cells: 
potential therapy of malignancies of the nervous system. J Neurochem 
2005;94:1448–56

 82. Kluckova K, Sticha M, Cerny J, Mracek T, Dong L, Drahota Z, Gottlieb 
E, Neuzil J, Rohlena J. Ubiquinone-binding site mutagenesis reveals 
the role of mitochondrial complex II in cell death initiation. Cell Death 
Dis 2015;6:e1749

 83. Huang LS, Lümmen P, Berry EA. Crystallographic investigation of the 
ubiquinone binding site of respiratory Complex II and its inhibitors. 
Biochim Biophys Acta Proteins Proteom 2021;1869:140679


