
NEURAL REGENERATION RESEARCH｜Vol 19｜No. 4｜April 2024｜825

NEURAL REGENERATION RESEARCH
www.nrronline.orgReview

Abstract  
The dramatic increase in intracranial pressure after subarachnoid hemorrhage leads to a decrease 
in cerebral perfusion pressure and a reduction in cerebral blood flow. Mitochondria are directly 
affected by direct factors such as ischemia, hypoxia, excitotoxicity, and toxicity of free hemoglobin 
and its degradation products, which trigger mitochondrial dysfunction. Dysfunctional mitochondria 
release large amounts of reactive oxygen species, inflammatory mediators, and apoptotic proteins 
that activate apoptotic pathways, further damaging cells. In response to this array of damage, cells 
have adopted multiple mitochondrial quality control mechanisms through evolution, including 
mitochondrial protein quality control, mitochondrial dynamics, mitophagy, mitochondrial biogenesis, 
and intercellular mitochondrial transfer, to maintain mitochondrial homeostasis under pathological 
conditions. Specific interventions targeting mitochondrial quality control mechanisms have emerged 
as promising therapeutic strategies for subarachnoid hemorrhage. This review provides an overview 
of recent research advances in mitochondrial pathophysiological processes after subarachnoid 
hemorrhage, particularly mitochondrial quality control mechanisms. It also presents potential 
therapeutic strategies to target mitochondrial quality control in subarachnoid hemorrhage.
Key Words: mitochondrial biogenesis; mitochondrial dynamics; mitochondrial dysfunction; 
mitochondrial fission and fusion; mitochondrial quality control; mitophagy; subarachnoid hemorrhage

Introduction 
Subarachnoid hemorrhage (SAH) is an acute hemorrhagic stroke; about 
80% of SAH cases are caused by ruptured intracranial aneurysms, while the 
remaining mainly come from vascular malformations and vasculitis (Andersen 
et al., 2019). According to the latest epidemiological data, the global incidence 
of SAH is 7.9 per 100,000 person-years (Etminan et al., 2019), accounting for 
3.1% of all strokes, and ranks first among stroke patients under 18 years of 
age, making it a critical health threat to the population (Wang et al., 2022b).

Current treatments (i.e., craniotomy or endovascular treatments) target 
the structural abnormalities of the brain vessels that cause SAH to prevent 
rebleeding; however, there is no effective treatment for brain injury caused 
by hemorrhage. Early brain injury (EBI) followed by SAH is mediated by the 
effects of acute cerebral ischemia during bleeding, along with the effects of 
hemoglobin in subarachnoid. Increased intracranial pressure, intracerebral 
hemorrhage-induced brain tissue destruction, brain shift, and herniation are 
secondary effects that all contribute to the pathology (Rass and Helbok, 2019; 
Fragata et al., 2020; Xu et al., 2022). Many patients survive after these events 
but, in approximately one-third of cases, the state of patients deteriorates 
days later from delayed cerebral ischemia (DCI) (Rass and Helbok, 2021). 
According to current theories, vasospasm, arteriolar constriction, thrombosis, 
and EBI-induced processes all contribute to DCI (Macdonald, 2014).

As the brain is the most energy-intensive organ, neurons strongly depend on 
mitochondria to provide the energy for maintaining their normal function 
(Dienel, 2019; Du et al., 2021). After SAH, direct damage from ischemia, 
hypoxia, and the toxicity of hemoglobin (Hb) and its degradation products 
lead to the collapse of the mitochondrial membrane potential (ΔΨm). The 
subsequent excessive production of reactive oxygen species (ROS), the 
release of apoptotic proteins, and the activation of mitochondria-associated 
inflammation further damage the cells (Forbes and Thorburn, 2018; Pinti 
et al., 2019). Mitochondrial dysfunction is thought to play an important 
mediating role in these pathophysiological processes. In response to this 
series of assaults, eukaryotic cells have adopted multiple mitochondrial quality 
control (MtQC) mechanisms throughout evolution, including protein quality 
control, mitochondrial dynamics, mitophagy, mitochondrial biogenesis, and 
intercellular mitochondrial transfer to maintain mitochondrial homeostasis 

under stress conditions (Pickles et al., 2018). Dysfunction of these regulatory 
mechanisms can damage mitochondria, leading to cell death or neurological 
dysfunction (Picca et al., 2018; Tang et al., 2021; Eldeeb et al., 2022).

Motivated by the critical role of mitochondrial integrity and the MtQC system 
in SAH, we summarize here the latest research on the pathophysiological 
mechanisms of SAH involving mitochondria, particularly MtQC. Additionally, 
we evaluate potential therapeutic strategies for SAH targeting mitochondria.

Search Strategy
We gathered studies on SAH, mitochondrial dysfunction, and MtQC 
published from January 2001 to December 2022 from the PubMed database 
using the following search terms: “mitochondrial quality control” AND 
“SAH;” “mitochondrial dynamics” AND “SAH;” “mitophagy” AND “SAH;” 
“mitochondrial biogenesis” AND “SAH;” “intercellular mitochondrial transfer” 
AND “SAH,”. Based on the search results, we expanded the search by adding 
key molecules and other terms as search terms. Finally, we selected relevant 
articles based on their title and abstract and ended up with 132 included 
papers.

Direct Factors Causing Mitochondrial 
Dysfunction
After an SAH event, blood enters the subarachnoid space, dramatically 
increasing intracranial pressure and decreasing cerebral perfusion pressure 
and cerebral blood flow. Next, vasospasm exacerbates global cerebral 
ischemia and hypoxia; besides, the blood components and their degradation 
products are neurotoxic (Osgood, 2021). In this process, many factors directly 
or indirectly damage mitochondria; here, we focus on the factors directly 
damaging mitochondria (Figure 1).

Hypoxia
In the initial stage after SAH, small artery spasms and microperfusion to the 
brain are significantly reduced (Lenz et al., 2021). Uhl et al. (2003) found 
that single or bead-like multisegmental “microvasospasm” occurred in 
small arteries during aneurysm clamping procedures, with a decrease in the 
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diameter of affected small arteries of up to 75.1% (mean 30.1%). Subsequent 
microcirculation disturbance can induce thrombophilia, intracapillary platelet 
aggregation, and leukocyte embolism formation, exacerbating brain tissue 
ischemia (Clarke et al., 2020). Animal studies have reported the prevalence 
of microthrombi in the cerebral vasculature after SAH, which is usually 
observed in areas of small arterial stenosis. In addition, a decrease in nitric 
oxide (an endogenous vasodilator substance) exacerbates this process 
(Tewari et al., 2021). Hypoxia due to microcirculation disturbance aggravates 
the pathophysiological changes after SAH. For the vast majority of patients 
with SAH, cranial imaging reveals no ischemic foci early in the course of 
their disease. Even for the poorly reported SAH with graded severity, only 
about 21% of patients will suffer from cerebral infarction (Taran et al., 
2020). However, a metabolomics study found that 2-hydroxyglutaric acid, 
a biomarker of tissue hypoxia, can be used to predict long-term outcomes 
in patients with SAH (Lu et al., 2018). Brain microdialysis and multimodal 
neuromonitoring studies have shown that more than 60% of patients with 
SAH suffer from brain tissue hypoxia (partial pressure of brain tissue oxygen < 
20 mmHg) within 24 hours of onset (Helbok et al., 2015).

Within minutes, mitochondrial dysfunction induced by neuronal hypoxia 
and glucose deficiency leads to a reduction of adenosine triphosphate (ATP) 
production and excessive production of ROS. Neurons have a larger energy 
consumption than other brain cells, but their energy reserves are limited. ATP 
depletion is one of the main initiators of ischemic cascade reactions, such 
as ΔΨm collapse, cellular potassium efflux, membrane depolarization, and 
sodium, chloride, and water inward flow (Lee et al., 2000; Hofmeijer and van 
Putten, 2012; Dharmasaroja, 2016).

Excitotoxicity
Excitotoxicity plays an important role in both EBI and DCI after SAH. In EBI, 
aneurysm rupture increases intracranial pressure, and the subsequent 
whole-brain hypoperfusion causes energy depletion, metabolism failure, 
and ion homeostasis disturbance, leading to the depolarization of the 
plasma membrane, which causes the excessive and uncontrolled release 
of neurotransmitters such as glutamate (Kanamaru and Suzuki, 2019). 
Experimental evidence suggests that neurons release glutamate when the 
cerebral blood flow is below 20 mL/100 g brain/min (Mindt et al., 2020). In 
DCI, cerebral ischemia also triggers excessive glutamate release. The massive 
release of glutamate overactivates α-amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid, N-methyl-D-aspartate, and kainate receptors on neuron 
membranes, together with other cellular components of the neurovascular 
unit (Choi, 2020).

The overactivation of glutamate receptors mediates intracellular Ca2+ overload 
through two mechanisms: ionotropic glutamate receptors overactivation 
increases Ca2+ inward flow from the extracellular space, while metabotropic 
glutamate receptors overactivation increases intracellular Ca2+ release 
from the endoplasmic reticulum (ER) (Zhang et al., 2018b). Subsequently, 
excitotoxicity or cortical spreading depolarization causes mitochondrial 
dysfunction, impaired energy metabolism, and ionic imbalance; this mismatch 
of metabolic supply and demand results in relative cerebral ischemia (van 
Lieshout et al., 2018). Continued cortical spreading depolarizations are 
accompanied by a diffuse inhibition of cortical electrical activity and an 
increase in glutamate release, the latter leading to excitotoxicity (Suzuki et al., 
2021). This process results in a positive feedback loop (Ehlert et al., 2020).

Oxidative damage from hemoglobin
Hb and its metabolites trigger a toxic cascade in EBI and DCI after SAH (Akeret 
et al., 2021). Hb is the protein transporting oxygen. It consists of four chains, 
two alpha chains and two beta chains, each with a heme containing one iron 
atom. Oxyhemoglobin and its metabolites are thought to be the main source 

of ROS during SAH (Zeineddine et al., 2022). After SAH erythrocytes enter the 
subarachnoid space and hemolysis occurs, erythrocytes release tetrameric 
Hb, which gradually degrades into toxic compounds (Stokum et al., 2021). 
The degradation product of Hb, heme further releases ferrous iron (Fe2+). 
Fe2+ can react with hydrogen peroxide in a Fenton reaction to produce more 
toxic hydroxyl radicals that may attack mitochondria. The massive generation 
of free radicals damages phospholipid bilayers such as the mitochondrial 
membrane, leading to phospholipid hydrogen peroxide production and, 
eventually, ferroptosis (Otasevic et al., 2021). In conclusion, Hb-derived 
ROS disrupt the structure and function of mitochondria, causing further 
propagation of intracellular oxidative damage.

Mitochondrial Dysfunction Amplifies Damage 
after Subarachnoid Hemorrhage
A series of initial damage factors after SAH contribute to the onset of 
mitochondrial dysfunction. Dysfunctional mitochondria produce large 
amounts of ROS, release inflammatory mediators, and release apoptotic 
proteins that activate apoptotic pathways, causing further cellular damage 
(Figure 1).

Mitochondria and oxidative stress
As previously mentioned, after SAH, cellular ischemia and hypoxia lead to 
mitochondrial respiratory dysfunction (Zhang et al., 2022b). Mitochondria 
damaged by Hb-associated ROS cause further intracellular ROS-induced 
damage. The disruption of mitochondrial respiration may well be the main 
cause of intracellular ROS production. A potentially deleterious effect of ROS is 
the promotion of Ca2+-dependent mitochondrial permeability transition (MPT) 
in mitochondrial membranes. MPT facilitates the passing of Ca2+ through the 
membrane. The uptake of Ca2+ by the MPT pores alters the morphological and 
functional activity of mitochondria, amplifying ROS production (Bonora et al., 
2022). The sudden and massive production of ROS far exceeds the scavenging 
capacity of the antioxidant defense system, leading to oxidative stress in the 
cells.

Massive amounts of intracellular ROS extensively oxidate cellular lipids, 
proteins, and DNA. Besides, excess ROS can attack mitochondria, disrupting 
their important functions, such as the maintenance of ΔΨm and oxidative 
phosphorylation (Ehlert et al., 2020).

Mitochondria-related inflammation
Mitochondria do play an important role in the control of inflammation after 
SAH. Together, the two mitochondrial membranes—the inner mitochondrial 
membrane (IMM) and the outer mitochondrial membrane (OMM)—provide 
a double barrier separating mitochondrial damage-associated molecular 
patterns (DAMPs) from their cognate pattern recognition receptors (Marchi 
et al., 2023). Under pathological situations, such as cell injury or stress, 
mitochondrial components, such as ATP, mitochondrial DNA (mtDNA), formyl 
peptides, and cardiolipin, can be released into the cytoplasmic or extracellular 
environment, where they act as DAMPs and trigger downstream inflammation 
(Meyer et al., 2018).

A clinical study found that cerebrospinal fluid (CSF) mtDNA levels on 
admission were associated with the outcome of aneurysmal SAH (Wang et al., 
2013). Also, serum mtDNA may directly or indirectly influence complications 
and clinical outcomes after SAH, such as pneumonia, hydrocephalus, and 
epilepsy (Chaudhry et al., 2019). Another study found that plasma-free 
mtDNA and Toll-like receptor-9/mitogen-activated protein kinase expression 
were simultaneously increased in SAH rats, suggesting that mtDNA induces 
systemic and local inflammatory responses in the brain (Liu et al., 2017).

Figure 1 ｜ Initiation and amplification of mitochondrial 
dysfunction in SAH.
After SAH, mitochondria are directly affected by 
ischemia and hypoxia, excitotoxicity, and toxicity of 
hemoglobin and its degradation products, which trigger 
mitochondrial dysfunction and lead to the collapse 
of ΔΨm. Subsequently, mitochondrial dysfunction 
leads to the massive production of mtROS, release of 
mtDAMP, and activation of the mitochondrial apoptotic 
pathway. Simultaneous excitotoxicity increases the Ca2+ 
inward flow, triggering calcium-dependent MPT, which 
further increases ROS production and apoptotic protein 
release. This process ultimately leads to oxidative stress, 
inflammation, and apoptosis, amplifying cellular damage. 
Created using used Adobe Illustrator 2021, with material 
from Servier Medical Art. AMPA: α-Amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid; Apaf1: apoptotic 
protease-activating factor 1; Bax/Bak: BCL2-associated 
X/BCL2 antagonist/killer 1; CytC: cytochrome c; Hb: 
hemoglobin; MPT: mitochondrial permeability transition; 
mtDAMP: mitochondrial damage-associated molecular 
patterns; mtROS: mitochondrial reactive oxygen 
species; NMPA: N-methyl-D-aspartate; ROS: reactive 
oxygen species; SAH: subarachnoid hemorrhage; ΔΨm: 
mitochondrial membrane potential. 
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Mitochondria-dependent apoptosis
After SAH, dysfunctional mitochondria produce large amounts of ROS, 
causing oxidative stress, which can trigger mitochondria-dependent apoptosis 
through the release of pro-apoptotic proteins, such as cytochrome c (Cyt C) 
or apoptosis-inducing factors (Gao et al., 2022c).

The mitochondria-dependent apoptosis pathway is an important aspect of the 
intrinsic apoptotic pathway. The increased permeability of the mitochondrial 
membrane results in an elevation of Ca2+ flow, triggering calcium-dependent 
MPT through various factors, allowing apoptotic proteins, such as P53, to flow 
into the cytoplasm, releasing Cyt C, and activating caspase-9 and -3, leading 
to cell death (Su et al., 2019; Bock and Tait, 2020). Singh et al. (2019) have 
proved that when Bax and Bak are activated and accumulate at the OMM, 
they oligomerize and mediate OMM permeation, resulting in the release 
of pro-apoptotic factors, such as Cyt C. Cyt C can interact with apoptotic 
protease activator-1 to form apoptotic bodies and activate caspase-9. 
Caspase-9 can cleave and activate downstream effector caspases, such as 
caspase-3 and -7, which cleave various protein substrates, eventually causing 
cell death (Tian et al., 2023). After SAH, patients have high cleaved caspase-3 
levels in the hippocampus and cerebral cortex (He et al., 2018). An earlier 
study reported the presence of Cyt C in the subarachnoid hemolysis product, 
which was associated with subsequent neuronal cell death (Matz et al., 2001).

Mitochondrial dysfunction commonly leads to neuronal apoptosis in patients 
with SAH, and it is considered an important therapeutic target for EBI after 
SAH (Zhang et al., 2022b). Many animal experiments have shown that, after 
SAH-associated whole-brain ischemia, apoptosis occurs in most areas of the 
brain, including the hippocampus and basal cortex (Fan et al., 2021). Puerarin 
can attenuate neurological dysfunction via the Bcl-2/Bax/cleaved caspase-3 
pathway in SAH mice (Zhang et al., 2019c). SS31 treatment increased 
mitochondrial Cyt C levels and increased Bax levels, suggesting that regulating 
the mitochondrial apoptosis pathway can alleviate EBI after SAH (Shen et al., 
2020).

Mitochondrial Quality Control and Subarachnoid 
Hemorrhage 
MtQC systems
Neuronal survival critically depends on mitochondrial integrity and 
function. A hierarchical system of cellular monitoring mechanisms protects 

mitochondria from stress and damage. MtQC mechanism regulates 
protein and organelle levels (Roca-Portoles and Tait, 2021). MtQC relies 
on mitochondrial protein hydrolases and chaperone proteins to maintain 
mitochondrial protein homeostasis. These proteins prevent the accumulation 
of toxic folding intermediates or aggregates, which are detrimental to the 
cell, by facilitating correct protein folding. Regarding organelle levels, MtQC 
involves mitochondrial dynamics, mitophagy, mitochondrial biogenesis, and 
intercellular mitochondrial transfer. Maintaining mitochondrial morphology 
and function and clearing damaged mitochondria are important processes 
to prevent mitochondrial dysfunction and cell death. Therefore, the MtQC 
system plays a crucial role in maintaining intracellular homeostasis and 
function (Pickles et al., 2018). Here we will focus on MtQC at the organelle 
level (Figure 2).

Mitochondrial unfolded protein response
The mitochondrial unfolded protein response (UPRmt) is an important 
protein homeostasis regulatory system, and a protein-level MtQC mechanism. 
UPRmt can occur in mitochondria at an early stage of oxidative stress and 
is a cytoprotective mechanism (Shpilka and Haynes, 2018). In eukaryotes, 
polypeptides are synthesized by ribosomes and need to be folded correctly 
to properly perform their respective physiological functions. When cells are 
stimulated by external factors such as oxidative stress, the polypeptides are 
misfolded and further degraded, and the undegraded polypeptides form 
cytotoxic aggregates that can contribute to the unfolded protein response. 
The unfolded protein response can occur in the ER and mitochondria. 
Mitochondria are not only the energy factories of cells, but also the main 
organelle where oxidative stress occurs; besides, misfolded proteins 
accumulate in mitochondria when oxidative stress occurs. However, UPRmt is 
an important regulator for mitochondria to maintain the homeostasis of their 
internal protein network, which plays an important role in the refolding and 
clearance of misfolded proteins (Shpilka and Haynes, 2018).

When oxidative stress occurs, mitochondrial protein homeostasis is disrupted, 
and many unfolded or misfolded proteins accumulate in the mitochondrial 
matrix. The excessive accumulation of unfolded proteins lead to the formation 
of mitochondrial protein aggregates, which can help maintain mitochondrial 
homeostasis by promoting the degradation of misfolded proteins (Lin et 
al., 2018). The caseinolytic mitochondrial matrix peptidase proteolytic 
subunit proteolytic complex recognizes and binds misfolded or unassembled 
proteins to degrade them into polypeptides. Subsequently, these peptides 

Figure 2 ｜ Mitochondrial quality control in SAH.
This schematic represents the quality control mechanisms of mitochondria after SAH, including UPRmt, mitochondrial dynamics, mitophagy, mitochondrial biogenesis, and 
intercellular mitochondrial transfer. First, at the protein level, the MtQC process called UPRmt involves HSP60 and mtHSP70 entering the mitochondria and restoring the normal 
conformation of misfolded proteins. Second, at the organelle level, dysfunctional mitochondria can undergo mitochondrial outer and inner membrane fusion via MFN1, MFN2, or 
OPA1. Mitochondrial fusion prevents the accumulation of damaged contents in individual mitochondria through the exchange of mtDNA, proteins, and metabolites between healthy 
and damaged mitochondria. Dysfunctional and damaged mitochondria can also be separated by fission. Drp1 translocates from the cytoplasm to the outer mitochondrial membrane 
and mediates fission through Dyn2 to form two unequal mitochondria. The damaged mitochondria produced by fission are then degraded by mitophagy via the PINK1/Parkin-
dependent or PINK1/Parkin-independent pathway. Various stimuli lead to the activation of PGC-1α, which then binds to Nrf1/2 to promote the expression of several mitochondrial 
proteins, including TFAM, ultimately leading to increased mitochondrial biogenesis. Mitochondria are transported between cells by actin-based TNT or EVs released from healthy 
neurons (or donor cells) that are then internalized into injured neurons. Mitochondrial transfer rescues cells containing damaged mitochondria by translocating healthy mitochondria 
from neighboring cells. Created using used Adobe Illustrator 2021, with material from Servier Medical Art. BNIP3: Bcl2/adenovirus E1B 19 kDa protein-interacting protein 3; Drp1: 
dynamin-related protein 1; Dyn2: dynamin 2; EVs: extracellular vesicles; FIS1: fission 1; FUNDC1: FUN14 domain containing 1; HSP60: heat shock protein 60; IMM: inner mitochondrial 
membrane; LC3: light chain 3; MFN1/2: mitofusin 1/2; mtHSP70: mitochondrial heat shock protein 70; NIX: Nip3-like protein X; Nrf1/2: nuclear factor E2-related factor1/2; OMM: 
outer mitochondrial membrane; OPA1: optic atrophy 1; P62: sequestosome-1; PGC-1α: AMPK-proliferator-activated receptor cofactor 1; PINK1: phosphatase-and-tensin-homolog-
induced putative kinase 1; SAH: subarachnoid hemorrhage; TFAM: mitochondrial transcription factor A; TNTs: tunneling nanotubes; VDAC: voltage-dependent anion channel. 
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are translocated to the cytoplasm. Meanwhile, the expression of various 
mitochondrial molecular chaperones, such as heat shock protein 60 (HSP60) 
and mitochondrial heat shock protein 70 (mtHSP70), is upregulated; 
these proteins then enter the mitochondria to help restore the normal 
conformation of the misfolded proteins (Kumar et al., 2022; Song et al., 2022). 
Therefore, promoting the degradation and refolding of mitochondrial protein 
aggregates may be a viable strategy to inhibit the onset of EBI after unfolded 
protein response.

A recent study by Ma et al. (2022) showed that the levels of HSP60 and 
mtHSP70 in the overall brain tissue did not change significantly at 24 hours 
after SAH. Meanwhile, their levels in brain mitochondria started to increase 
at 6 hours. This result illustrates the activation of UPRmt, which facilitates 
the transport of HSP60 into the mitochondria due to the onset of oxidative 
stress after SAH. Besides, they found that GrpE-like 1 (GrpEL1) expression was 
unchanged and the levels of GrpEL1-mtHSP70 complex were decreased after 
SAH. Overexpressing GrpEL1 promoted the binding of GrpEL1 and mtHSP70, 
forming the GrpEL1-mtHSP70 complex and promoting neuronal mitochondrial 
homeostasis. Thus, increasing GrpEL1 to promote binding of GrpEL1 and 
mtHSP70 might be an important clinical intervention target for EBI after SAH 
(Ma et al., 2022).

Mitochondrial dynamics
A large amount of evidence suggests that mitochondria are not static, 
discrete organelles. Instead, mitochondria form a highly dynamic network of 
organelles that can remodel themselves in order to maintain mitochondrial 
mass (Lai et al., 2020; Chen et al., 2022; Wu et al., 2022). Mitochondrial 
dynamics, referring to mitochondrial fusion and fission, are important 
adaptive responses to metabolic or environmental stresses and key defense 
mechanisms that protect the health of mitochondrial populations, especially 
when the damage exceeds the repair capacity of the protein-level quality 
control mechanisms. Mitochondrial fusion promotes the exchange of 
material between mitochondria. The reversible fusion of damaged and 
healthy mitochondria restores damaged mitochondrial function by diluting 
accumulated mutant mtDNA and oxidized proteins. Meanwhile, mitochondrial 
fission is required to separate mitochondria that are about to enter 
daughter cells during cell proliferation and to isolate the damaged fraction 
of dysfunctional mitochondria for mitophagy. Mitochondrial fission is more 
prone to promoting apoptosis in cells under severe stress than mitochondrial 
fusion is (Chan, 2020).

Mitochondrial fusion and fission are controlled by members of the conserved 
GTPase family. The central protein mediating mitochondrial fission is 
dynamin-related protein 1 (Drp1), a guanosine triphosphate (GTP) hydrolase 
(Rosdah et al., 2020) predominantly distributed in the cytoplasm. It responds 
to pathological stimuli through post-translational modifications (mainly 
phosphorylation, dephosphorylation, ubiquitination, and sumoylation) 
(Tsushima et al., 2018; Ma et al., 2020; Gao et al., 2022b). Generally, the 
phosphorylation of Ser616 (S616) accelerates the recruitment of Drp1 to the 
mitochondrial membrane, whereas the phosphorylation of S637 inhibits it 
(Chen et al., 2020a; Miao et al., 2022). Then, Drp1 is recruited to the OMM 
with the help of its receptors mitochondrial fission protein 1, mitochondrial 
fission factor, and mitochondrial dynamics protein of 49 and/or 51 kDa (Wu 
et al., 2021a). Subsequently, Drp1 oligomerizes and forms a ring around the 
mitochondria using the energy generated by GTP hydrolysis to contract the 
organelle (Kalia et al., 2018). Finally, the OMM is cleaved after the recruitment 
of dynamin 2 (Kamerkar et al., 2018). In addition, under stress conditions, 
such as oxidative stress and hypoxia, Drp1 is upregulated and translocated, 
causing an imbalance in mitochondrial division and fusion that damages the 
mitochondrial network and concomitantly induces apoptosis (Wu et al., 2011).

Mitochondrial fission is the initial event of SAH, and Drp1-mediated 
oxidative mitochondrial damage is involved in the pathological process of 
acute neurological injury due to SAH. The dysregulation of mitochondrial 
dynamics after SAH shifts the balance of mitochondrial division and fusion 
toward division, leading to neuronal injury (Wu et al., 2017). Wu et al. 
(2017) observed an increase in Drp1 levels in mice after SAH, whereas 
the experiments of Fan et al. (2017) demonstrated that Drp1 levels were 
significantly increased in mitochondria and decreased in the cytoplasm, 
suggesting that SAH triggered Drp1 translocation to the mitochondria. Wu et 
al. (2017) also found that the Drp1 inhibitor mitochondrial division inhibitor 
1 (Mdivi-1) significantly improved neurological dysfunction, reduced cerebral 
edema and blood-brain barrier permeability, and attenuated apoptosis. 
Besides, Mdivi-1 reduced Drp1 levels and S616 phosphorylation. Moreover, 
it inhibited excessive mitochondrial fission and restored the ultrastructure 
of mitochondria (Wu et al., 2017). In addition, Mdivi-1 inhibited the nuclear 
translocation of nuclear factor kappa B, reducing the expression of tumor 
necrosis factor-α, interleukin-6, and interleukin-1β, decreasing the levels of 
matrix metalloproteinase 9, and preventing the degradation of tight junction 
proteins (occludin, claudin-5, and zona occludens 1). Finally, it decreased 
cleaved caspase-3 and Bax levels and increased Bcl-2 levels. Thus, the 
neuroprotective effect of Mdivi-1 may be mediated by the suppression of 
inflammation-associated blood-brain barrier disruption (Fan et al., 2017).

Drp1 regulates mitochondrial fission after SAH through multiple endogenous 
factors. Among them, the adenosine monophosphate-activated protein 
kinase (AMPK) pathway might play an essential role in the regulation of Drp1, 
and several studies have focused on this pathway. HSP22 downregulates 
Drp1 expression and its activation of mitochondrial apoptosis in an AMPK-
proliferator-activated receptor cofactor 1 (PGC-1α)-dependent manner (Fan 

et al., 2021). In another study, the activation of the melanocortin 1 receptor 
with BMS-470539 significantly attenuated EBI after SAH by inhibiting oxidative 
stress, apoptosis, and mitochondrial fission via the AMPK/Sirtuin 1/PGC-1α 
signaling pathway (Xu et al., 2021). Additionally, metformin, a widely used 
drug, also modulates Drp1. Metformin restored the homeostasis between 
mitochondrial fusion and fission by downregulating Drp1 in an AMPK-
dependent manner and attenuated EBI after SAH in rats; it also promoted 
mitochondrial autophagy (Zhang et al., 2022a). In addition, Drp1 is affected 
by various post-transcriptional modifications. After SAH, excess nitric oxide 
is converted to S-nitrosoglutathione and stored in cells, increasing the 
S-nitrosylation of neuronal intracellular proteins and causing nitrosative 
stress. S-nitrosoglutathione reductase promotes S-nitrosoglutathione 
degradation and attenuates Drp1 S-nitrosylation, reducing mitochondrial 
division and neuronal apoptosis, thus exerting a neuroprotective effect (Wang 
et al., 2022a). Studies by our group have demonstrated that Drp1 and Drp1-
mediated mitochondrial fission also play an important role in the activation 
of microglia after SAH. The activation of P2X purinoceptor 7 leads to the 
dephosphorylation of Drp1 at S637, increasing mitochondrial fission and 
reducing mitochondrial function, which may cause the reduction in microglia 
phagocytosis. The drug-induced inhibition of P2X purinoceptor 7 activation 
in mice rescued mitochondrial function and improved phagocytosis after SAH 
(Tao et al., 2022).

Various drugs have been used to target mitochondrial fission. Rapamycin 
targeted inhibition of the mechanistic target of rapamycin alleviated excessive 
mitochondrial fission by downregulating Drp1, restoring mitochondrial 
function, thus reducing apoptosis and having a neuroprotective effect after 
SAH (Li et al., 2020). Docosahexaenoic acid ameliorates mitochondrial 
dysfunction in vitro and in vivo and prevents oxidative stress-based apoptosis 
after SAH by upregulating the mitochondrial fusion-associated protein optic 
atrophy 1 (OPA1), downregulating Drp1, and lowering its phosphorylation at 
S616 (Zhang et al., 2018a). The main bioactive component of tea catechins, 
(-)-epigallocatechin-3-gallate, alleviates SAH-induced mitochondrial kinetic 
damage by downregulating the expression of Drp1 and fission protein 1 
and upregulating OPA1, mitofusin 1 (MFN1), and mitofusin 2 (MFN2) (Chen 
et al., 2018). T0901317 activates liver X receptors and attenuates neuronal 
apoptosis via the liver X receptors/interferon regulatory factor-1/P53 
upregulated apoptosis regulator/Drp1 pathway in SAH rats (Dai et al., 2021).

Mitochondrial fusion is regulated by GTPase superfamily members and 
involves two aspects: the fusion of mitochondrial membranes and the 
remixing of mitochondrial contents. Mitochondrial fusion includes OMM 
fusion—mediated by MFN1 and MFN2—and IMM fusion—mediated by OPA1. 
After fusion initiation, MFNs in adjacent mitochondrial OMMs interact to 
tether the organelles. GTP hydrolysis causes conformational changes in MFNs, 
facilitating the docking of OMMs and increasing the contact surface area. 
Subsequent MFN oligomerization ensures OMM fusion. After OMM fusion, 
the interaction between OPA1 and cardiolipin tethers the IMM for fusion (Gao 
and Hu, 2021). OPA1 has five different protein isoforms: two long isoforms 
(L-OPA1) that mediate intramembrane fusions and three short fusion inactive 
isoforms (S-OPA1). This pattern is due to the cleavage at the S1 and S2 sites 
of OPA1, releasing S-OPA1 into the membrane gap (Guillery et al., 2008). 
Matrix-AAA protease isoenzymes and OMA1, two kinds of mitochondrial 
metallopeptidase, are major mitochondrial factors that sense and respond to 
cellular stress (Guo et al., 2020). When ΔΨm is intact, the L-OPA1 heterodimer 
induces IMM fusion. OMA1 responds to stress by cleaving L-OPA1 into 
S-OPA1 heterodimers, which lose fusion activity, leading to the collapse of the 
mitochondrial network into a fragmented population of organelles (Gilkerson 
et al., 2021).

Several studies have investigated mitochondrial fusion in SAH. An animal 
study showed that MFN1 and MFN2 levels in mouse brain tissue decreased 
significantly 24 hours after SAH, and that the Sirtuin3 agonist honokiol 
increased the expression of the mitochondrial fusion proteins MFN1 and 
MFN2, thereby maintaining mitochondrial morphological integrity and 
promoting neuron survival. Furthermore, the selective inhibition of AMPK 
eliminated these protective effects, suggesting that they are AMPK-dependent 
(Wu et al., 2020). Another animal experiment showed that SAH rats had 
significantly lower L-OPA1 expression levels than control rats 24 hours after 
SAH, and these levels continued to decrease over 72 hours. SAH rats also had 
slightly lower S-OPA1 expression levels, but this result was not significant.

In addition, mitoquinone treatment after SAH in rats improved mitochondrial 
morphology and protected the blood-brain barrier via the nuclear factor E2-
related factor 2 (Nrf2)/prohibitin 2/OPA1 pathway (Zhang et al., 2019b).

Mitophagy
Mitophagy is the selective degradation of excess and defective mitochondria 
through autophagy. Under physiological conditions, mitophagy eliminates 
unwanted mitochondria during development and adjusts the number of 
mitochondria in response to changes in metabolic demand (Killackey et al., 
2020). Under stress conditions, mitophagy, as a key mechanism of the MtQC, 
identifies and labels severely damaged mitochondria for rapid elimination 
(Pickles et al., 2018).

Mitophagy requires efficient recognition and engulfment of target 
mitochondria in the mitophagosome. In mammalian cells, two signaling 
pathways are associated with mitophagy regulatory mechanisms: the 
phosphatase-and-tensin-homolog-induced putative kinase 1 (PINK1)/parkin-
dependent pathway (Barazzuol et al., 2020) and PINK1/parkin-independent 
pathway (Di Rita et al., 2018).
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Various stress conditions, such as calcium overload and ΔΨm collapse, 
can activate the Parkin-dependent mitotic pathway (Rimessi et al., 2013; 
Georgakopoulos et al., 2017). Active PINK1 initiates PINK1/parkin-dependent 
mitophagy by phosphorylating ubiquitin at the Ser 65 position and recruiting 
cytoplasmic parkin to the impaired mitochondria (Yang et al., 2018). Parkin is 
an E3 ubiquitin ligase that ubiquitinates OMM substrates and linker proteins, 
such as sequestosome-1 (p62), 52 kDa nuclear dot protein, and optineurin 
(Kane et al., 2014). Meanwhile, the light chain 3 (LC3) precursor molecule 
is cleaved by autophagy-associated protein (Atg) into LC3-I and further 
processed into LC3-II. The ubiquitinated adaptor protein connects to the 
microtubule-associated protein LC3-II and binds to the ER membrane to form 
a mitophagosome (Wesch et al., 2020). Thus, mitochondria are enclosed 
by the ER isolation membrane and fuse with lysosomes during degradation 
(Towers et al., 2021).

The mitochondrial receptor Bcl2/adenovirus E1B 19 kDa protein-interacting 
protein 3 (Bnip3), Nip3-like protein X (NIX), and FUN14-domain-containing 
protein 1 are the most significant factors in parkin-independent mitophagy. 
Hypoxic stress conditions elevate Bnip3 and NIX levels, promoting mitophagy 
(Wu et al., 2021b). BNIP3 and NIX are located in the OMM and interact with 
Atg8 and LC3 through its N-terminal region, thereby promoting autophagy. 
FUN14-domain-containing protein 1, another OMM protein, contains a typical 
LC3 interaction region that binds to Atg8 or LC3II to induce mitophagy.

Increasing evidence suggests that mitophagy participates in the pathogenesis 
of SAH. After SAH, mitophagy levels rise and levels of marker proteins 
associated with the PINK1/Parkin-dependent and PINK1/Parkin-independent 
pathways are elevated (e.g., PINK1, Parkin, LC3-II/LC3-I, Atg5, and NIX) (Cao 
et al., 2017; Zhang et al., 2020). For the most part, mitophagy is considered 
an adaptive or defensive mechanism. However, inappropriate or uncontrolled 
mitophagy can also be harmful since it destroys healthy mitochondria, which 
are necessary for energy metabolism. Thus, whether mitophagy is beneficial 
or detrimental in SAH remains a matter of debate.

Current evidence leans toward a beneficial effect of mitophagy after 
SAH, especially in the EBI phase. Several studies reported that enhancing 
mitochondrial autophagy after SAH exerted neuroprotective effects. The 
endogenous Nrf2 antioxidant system appears to be a major regulatory target 
of mitophagy. Zhang et al. (2019a) used mitoquinone to activate mitophagy 
via the Kelch-like epichlorohydrin-associated protein 1/Nrf2/prohibitin 2 
pathway after SAH to inhibit oxidative stress-related neuronal death. Liu et 
al. (2022a) increased LC3II, PINK1, Parkin, and Nrf1 levels via the cannabinoid 
receptor 1/Nrf1/PINK1 pathway after SAH by treating rats with arachidonyl-
2-chloroethylamide, which promoted the formation of mitophagosomes, 
maintained the mitochondrial morphology, and had anti-oxidative stress and 
anti-apoptotic effects (Liu et al., 2022a). Melatonin increased Nrf2 expression 
and induced mitophagy, protecting against brain injury after SAH (Sun et 
al., 2018). Another study found that melatonin mediated the upregulation 
of mitophagy-related proteins (Parkin and PINK-1, LC3-II/LC3-I, and Atg5). 
Additionally, melatonin alleviated morphological changes in mitochondria 
with decreased ROS production (Cao et al., 2017). The AMPK pathway is also 
involved in the regulation of mitophagy. Metformin promoted mitophagy in 
an AMPK-dependent manner and attenuated EBI. Meanwhile, the authors 
observed by transmission electron microscopy that metformin treatment 
improved the morphology of mitochondria after SAH and promoted the 
formation of mitophagosomes (Zhang et al., 2022a). In addition, other drugs 
(such as triiodothyronine) enhanced mitochondrial autophagy through the 
PINK1/Parkin pathway, increased ΔΨm, improved mitochondrial morphology, 
and protected neurons after SAH (Chang et al., 2022). Rapamycin also 
activated voltage-dependent anion channels, induced mitophagy, and 
reduced apoptosis and necrosis in neurons after SAH (Li et al., 2014).

However, two studies on CSF samples from patients showed that increased 
mitophagy levels seemed to be associated with a poor outcome. Youn et 
al. (2022) found that patients with DCI had significantly higher Bnip3L and 
PINK1 CSF mRNA levels than patients without DCI. In another study from 
the same group, patients with DCI had significantly elevated mitophagy 
flux, accumulation of autophagic vesicles, and p62 and LC3-II expression 
levels during DCI. Additionally, they had significantly higher Bnip3 and PINK1 
mRNA expression levels than patients without DCI, suggesting that increased 
mitophagy-related mitochondrial dysfunction plays an important role in the 
pathogenesis of DCI (Youn et al., 2021). Nevertheless, the role of mitophagy 
in SAH is not fully understood, and further studies are needed to determine 
whether mitophagy facilitates recovery after SAH.

Mitochondrial biogenesis
Mitochondrial biogenesis refers to the generation of new mitochondria 
and mtDNA replication through the proliferation of existing mitochondria 
(Cardanho-Ramos and Morais, 2021). Newly generated mitochondria replace 
dysfunctional or damaged mitochondria that have been selectively degraded 
by mitophagy (Ding et al., 2021). Mitochondrial biogenesis increases the 
cellular energy supply, improving clinical outcomes in SAH (Fan et al., 2021; Tu 
et al., 2021; Zhou et al., 2021).

The PGC-1α/Nrf1/2/mitochondrial transcription factor A (TFAM) pathway is a 
major regulator of mitochondrial biogenesis. Peroxisome PGC-1α also plays a 
key role in this process. It activates Nrf1 and Nrf2, inducing the expression of 
related mitochondrial genes, including TFAM, thus increasing mitochondrial 
respiration and mtDNA replication/transcription (Cardanho-Ramos and 
Morais, 2021). Several signaling cascades activate mitochondrial biogenesis 
through the PGC-1α/Nrf1/2/TFAM pathway. Among them, the AMP/ATP 

ratio and Ca2+ levels are the main initiating factors. High AMP levels activate 
AMPK, which phosphorylates PGC-1α. Phosphorylated PGC-1α regulates 
the expression of its own genes, as well as genes related to mitochondrial 
biogenesis (Sun et al., 2022). The NAD+/NADH ratio is another important 
signal for mitochondrial biogenesis; when it is elevated, Sirtuin 1 deacetylates 
PGC-1α, resulting in its activation (Zhao et al., 2020).

Recent studies have demonstrated that PGC-1α levels start to increase 
significantly 6 hours after SAH in rats, reach a peak at 24 hours, and then 
gradually decrease until 72 hours. Besides, elevated PGC-1α levels were 
observed in the temporal cortex of rats after SAH, along with an increase in 
mitochondrial biogenesis (Zhou et al., 2021). Several studies have attempted 
to mitigate SAH damage by promoting mitochondrial biogenesis. HSP22 
rescues mitochondrial function in an AMPK-PGC-1α-dependent manner, 
exerts neuroprotection, regulates the TFAM/Nrf1 pathway in a positive 
feedback manner to promote mitochondrial biogenesis, and attenuates 
oxidative stress and brain injury (Fan et al., 2021). Meanwhile, resveratrol 
upregulated the expression of PGC-1α, Nrf1, and TFAM and promoted 
the nuclear translocation of PGC-1α, suggesting that resveratrol promotes 
mitochondrial biogenesis after experimental SAH in mice by activating 
the PGC-1α signaling pathway (Zhou et al., 2021). Finally, irisin improved 
mitochondrial biogenesis via mitochondrial uncoupling protein-2 and had a 
neuroprotective effect against experimental SAH in mice (Tu et al., 2021).

Intercellular mitochondrial transfer
For a long time, mitochondria were thought to remain inside the cell during 
their whole lifetime. However, recent studies have found that damaged 
neurons could send mitochondria as distress signals to neighboring glial and 
endothelial cells, prompting them to respond accordingly (Hayakawa et al., 
2016; Gao et al., 2022a). After an acute injury in the central nervous system, 
astrocytes and microglia may exchange mitochondria with neighboring 
neurons to protect them (Hayakawa et al., 2016). Structures such as tunneling 
nanotubes (TNTs) and extracellular vesicles can perform the intercellular 
exchange of membrane vesicles and organelles, and transport mitochondria 
between cells (Nasoni et al., 2021; Peruzzotti-Jametti et al., 2021). F-actin 
makes up the structure of TNTs and mediates the transport of mitochondria 
in TNTs (Liu et al., 2022b). Although little is known about the mechanism, 
the transfer of mitochondria out and in between cells appears to be a 
regulated process. Indeed, calcium-dependent CD38 signaling can upregulate 
mitochondrial release from astrocytes. Besides, blocking integrin and tyrosine 
protein kinase/spleen tyrosine kinase signaling can reduce mitochondrial 
entry into neurons (Hayakawa et al., 2018a). A recent study showed that 
exogenous mitochondrial transplantation increases cell viability and decreases 
ROS levels and apoptosis in an oxygen-dependent manner. Mitochondria 
tracking showed that some of the exogenous mitochondria fused with those 
of the host cell, while others were incorporated into lysosomes. Transcriptome 
analysis of mitochondrial transplanted neural cells showed that differences in 
the expressed genes were closely associated with lipid metabolism compared 
to controls. Mitochondrial transfer can be facilitated by drug treatment. For 
example, melatonin can promote mitochondrial transfer between damaged 
HT22 cells by increasing the connectivity of TNTs after ischemia-reperfusion 
injury (Nasoni et al., 2021).

The detection of extracellular mitochondria in CSF indicates a possible role 
of intercellular mitochondrial transfer in SAH. Chou et al. (2017) isolated 
respiratory mitochondria in CSF samples from SAH patients. They found 
that JC1 levels were reduced after SAH. In addition, a higher ΔΨm in the 
CSF was associated with a good outcome 3 months after SAH (Chou et al., 
2017). Meanwhile, Youn et al. (2020) suggested that the ΔΨm of extracellular 
mitochondria in the CSF was a biomarker of DCI.

Transplantation of healthy exogenous mitochondria into damaged cell is 
an emerging treatment for mitochondrial dysfunction (Park et al., 2021). 
Exogenous transplantation to replace damaged mitochondria through the 
mitochondrial transfer mechanism can rescue mitochondrial dysfunction in 
damaged cells. For example, the microinjection of healthy mitochondria at 
the site of injury in an ischemic stroke model has been reported (Chen et al., 
2020b). Recent studies have shown that mitochondria transfer occurs from 
astrocytes to neuronal cells after ischemia. This suggests that mitochondrial 
transfer from astrocytes to damaged neurons is a recovery mechanism and 
provides a theoretical basis for therapeutic interventions for stroke patients. 
In that study, the CD38 signaling pathway mediated the release of functional 
mitochondria from activated astrocytes to damaged neurons, thereby 
restoring ATP levels, neuronal survival, plasticity, and behavioral function 
(Hayakawa et al., 2016). However, this endogenous mitochondrial transfer 
from astrocytes to damaged neurons is transient and insufficient to induce 
robust and stable neuroprotection. In fact, without exogenous therapeutic 
intervention, mitochondrial transfer from astrocytes cannot impede the 
secondary cell death triggered by a stroke. Therefore, a stem cell-based 
approach to mitochondrial transfer may be an effective strategy to support 
endogenous healthy mitochondria transfer.

Mitochondrial transplantation therapy is currently available in two ways. First, 
stem cells can be used to induce the repair of damaged cells. For example, 
the mitochondrial transfer from endothelial progenitor cells to ischemic 
brain endothelial cells increases mtDNA copy and ATP levels (Hayakawa et 
al., 2018b). After ischemic injury, mesenchymal stem cells maintain aerobic 
respiration of damaged endothelial cells through mitochondrial transfer and 
inhibit endothelial cell apoptosis (Liu et al., 2014). Second, healthy exogenous 
mitochondria can be transplanted into the damaged tissue. Studies showed 
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that transplantation of exogenous mitochondria into cerebral ischemic 
rats restored motor function, reduced the size of cerebral infarcts, and 
decreased neuronal cell death (Huang et al., 2016). Another study showed 
that transplantation of muscle-derived autologous mitochondria via the 
lateral ventricle reduced cellular oxidative stress and apoptosis, attenuated 
reactive astrocyte proliferation, promoted neurogenesis, reduced cerebral 
infarct volume, and reversed neurological dysfunction after ischemic stroke 
in rats (Zhang et al., 2019d). In SAH, the therapeutic role of mitochondrial 
transplantation has not been studied. Nevertheless, this is a promising 
research area for developing treatments for SAH injury.

Future Perspectives and Conclusion
Mitochondrial dysfunction is a central event in the pathophysiology of SAH. 
Early in the disease, mitochondria are directly hit by ischemia and hypoxia, 
excitotoxicity, the toxicity of Hb and its degradation products, and other direct 
factors that cause mitochondrial dysfunction. Subsequently, mitochondrial 
dysfunction triggers oxidative stress, inflammation, and apoptosis, amplifying 
cellular damage. Meanwhile, the MtQC system, a series of relatively 
balanced events (namely mitochondrial fission and fusion, mitophagy and 
mitochondrial biogenesis, mitochondrial transfer, and mitochondrial protein 
quality control), maintains mitochondrial integrity and neuronal homeostasis 
in multiple ways.

Despite the advances in our understanding of the mechanisms of MtQC after 
SAH and the resulting treatment strategies, several questions remain. First, 
the mitochondrial pathophysiology during injury and repair after SAH remains 
incompletely understood. For example, in the resting state, mitochondrial 
fission and fusion each have their benefits and drawbacks. It is now generally 
accepted that excessive mitochondrial fission impairs the function of the 
mitochondrial network after SAH. However, whether moderate mitochondrial 
fission exerts beneficial effects by excluding damaged mitochondrial 
components and preserving the function of most mitochondria is a critical 
question. Besides, this balance remains to be identified and controlled. 
Similarly, proper mitochondrial autophagy appears to have a neuroprotective 
effect by removing damaged mitochondria, whereas excessive mitochondrial 
autophagy disrupts energy production and mitochondria-related signaling 
pathways. Therefore, the balance between mitochondrial dynamics and 
mitochondrial autophagy is more critical than the absolute level of each 
process. In addition, the brain is a heterogeneous organ that includes 
neurons, various types of glial cells, and circulating immune cells involved in 
brain injury and repair. However, existing studies have focused on neuronal 
cells, and the mitochondrial physiology and pathophysiology of other cell 
types remain unclear. In particular, mitochondrial dysfunction in microglia 
after SAH and the role of endothelial and glial cells in the development of SAH 
require further investigation. New evidence from other organs suggests that 
differences in MtQC mechanisms in different types of cells lead to different 
or even opposite effects on tissue injury and repair. For instance, PINK1 
deficiency in lung epithelial cells leads to mitochondrial depolarization, pro-
fibrotic factor expression, and pulmonary fibrosis, suggesting a mitogenic 
protective function of the PINK1/parkin pathway in idiopathic pulmonary 
fibrosis (Bueno et al., 2015). In contrast, parkin-mediated mitosis in alveolar 
macrophages appears to help these cells resist apoptosis and promote 
pulmonary fibrosis (Larson-Casey et al., 2016). Therefore, it is necessary to 
determine the impact of an altered MtQC capacity of different cell types in 
SAH.

Second, research on the many kinds of MtQC mechanisms remains in its initial 
stage. Although emerging evidence links mitochondrial transfer and UPRmt 
to disease mechanisms following SAH, their exact role in these pathological 
conditions and the molecular mechanisms involved are still largely unknown. 
The present study on MtQC highlights the following points: The MtQC 
mechanism operates through an integrated network of hierarchical pathways. 
Changes in any of the MtQC mechanisms may affect other mechanisms, 
and thus the whole system. For instance, mitochondrial fission is essential 
for mitophagy and is also closely linked to mitochondrial biogenesis (Kleele 
et al., 2021). Furthermore, although much progress has been made in this 
field in terms of basic research, translating mitochondria-targeting drugs 
into clinical applications for SAH remains a great challenge. Indeed, their 
potential adverse effects and mechanisms are unclear, and the mitochondrial 
physiology and pathophysiology of their multiple targets are still unclear.

Therefore, future studies should concentrate on determining the role and 
regulation of MtQC mechanisms in SAH in various brain cell types to facilitate 
the discovery of drugs for the prevention and treatment of EBI and DCI and 
improve the outcome of SAH.

Limitations remain in our review design. First, the mechanisms by which 
SAH leads to mitochondrial dysfunction are intricate, and we described only 
representative mechanisms. Second, due to space, we did not describe each 
MtQC mechanism in detail, such as UPRmt and intercellular mitochondrial 
transfer. Finally, we did not describe the interconnections and interactions 
between MtQC mechanisms.
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