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A B S T R A C T   

Mitochondria are dynamic organelles responsible for cellular energy production. In addition to 
regulating energy homeostasis, mitochondria are responsible for calcium homeostasis, clearance 
of damaged organelles, signaling, and cell survival in the context of injury and pathology. In 
stroke, the mechanisms underlying brain injury secondary to intracerebral hemorrhage are 
complex and involve cellular hypoxia, oxidative stress, inflammatory responses, and apoptosis. 
Recent studies have shown that mitochondrial damage and autophagy are essential for neuronal 
metabolism and functional recovery after intracerebral hemorrhage, and are closely related to 
inflammatory responses, oxidative stress, apoptosis, and other pathological processes. Because 
hypoxia and inflammatory responses can cause secondary damage after intracerebral hemor-
rhage, the restoration of mitochondrial function and timely clearance of damaged mitochondria 
have neuroprotective effects. Based on studies on mitochondrial autophagy (mitophagy), cellular 
inflammation, apoptosis, ferroptosis, the BNIP3 autophagy gene, pharmacological and other 
regulatory approaches, and normobaric oxygen (NBO) therapy, this article further explores the 
neuroprotective role of mitophagy after intracerebral hemorrhage.   

1. Introduction 

Intracerebral hemorrhage (ICH) is a common stroke disorder that accounts for approximately 15 % of strokes and 50 % of stroke- 
related mortalities, with an estimated 2.8 million deaths worldwide each year [1]. It involves vascular malformations (e.g., arterio-
venous and venomal malformations and dural arteriovenous fistulas) and mass lesions (e.g., metastatic tumors) that can cause blood 
vessel rupture and ICH [2]. Secondary brain injury after ICH is caused by physiological and pathological hematomas and substances 
that can result in brain edema, blood-brain barrier injury, inflammatory response, membrane attack complex formation, oxidative 
stress reactions, mitochondrial dysfunction, apoptosis, and activation of cytotoxicity [3,4]. During the removal of damaged organelles 
and toxic substances, mitophagy can be used as an efficient mechanism to restore the function of damaged nerve cells and brain tissue 
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homeostasis by timely self-phagocytosis to remove damaged organelles and toxic substances, and has become a new research hotspot 
[5]. However, research and exploration of mitophagy after intracerebral hemorrhage is in its infancy. The protective or damaging role 
of mitophagy remains controversial, and the role of related gene proteins remains to be further studied. In this study, we investigated 
the effects of mitophagy after ICH. 

2. Secondary brain injury after ICH 

Hematoma and edema caused by blood vessel rupture after ICH leads to secondary brain injury, leading to severe neurological 
deficits, activation of pro-apoptotic proteins and inflammatory factors, leading to delayed nerve cell death, and then degradation of red 
blood cells results in iron accumulation, ferroptosis, and aggravates neuronal toxicity, which can cause secondary brain injury [6]. 
Although it can be treated with surgery and drugs, disability and death rates remain high. Therefore, this review focuses on the causes 
of injury after ICH as well as the cell types and pathway regulation involved in mitophagy to control secondary brain injury, with the 
hope of finding new therapeutic targets to reduce the disability rate and mortality of ICH. Currently, the main focus of autophagy 
research is neurogenesis and nutrition. Here, we discuss the effects of autophagy and mitophagy on microglial cells and neurons. 

2.1. Hypoxia, inflammation, OS after ICH 

Hypoxia, oxidative stress, and inflammatory response injury occur after ICH. Hypoxia caused by temporarily reduced blood flow in 
turn induces hypoxia and the generation of the inflammatory transcription factor SP3, which participates in platelet activation and 
inflammation regulation after ICH [7]. The accumulation of oxidative stressors leads to secondary injury after ICH (cerebral edema, 
inflammation, neuronal apoptosis, and mitochondrial toxicity), red blood cell lysis, and heme expression [8]. Hemoglobin-activated 
NADPH oxidase and nitric oxide synthase are involved in the synthesis of reactive oxygen species (ROS), sustaining the opening of the 
mitochondrial permeability transition pore (mPTP) and decreasing the levels of adenosine triphosphate (ATP), which leads to the 
downregulation of growth differentiation factor 11 and aggravation of brain injury [9]. 

Hypoxia following ICH is a major factor that aggravates brain damage. According to a study on sleep apnea syndrome with ICH, 
hypoxia disrupts the blood-brain barrier and induces ROS production via activating the transcription factor 4/C/Ebp-Homologous 
Protein signaling pathway, and this pathway can release inflammatory factors interleukin (IL)-1β, IL-6, tumor necrosis factor 
(TNF)-α, NF-κB, and pro-apoptotic proteins (caspase-3, Bax, and Beclin-2 (Bcl-2)) to mediate apoptosis [10]. 

To repair the damage caused by ICH, specific immune and inflammatory cells in the hematoma area function effectively in 
immunosuppression and phagocytosis. The fragments caused by blood vessel rupture activate microglia and macrophages in the brain 
and recruit white blood cells to the areas around the hematoma; for example, neutrophils and leukocytes infiltrate the brain, 
aggravating inflammatory injury. Activated microglia/macrophages and peripheral blood leukocytes release pro-inflammatory cy-
tokines, including TNF-α, IL-1β, chemokines, free radicals, and other toxic chemicals, ultimately leading to cerebral edema, blood- 
brain barrier breakdown, and neuronal death [11]. This inflammatory response is closely related to the two phenotypic states of 
microglia, M1 and M2, where M1 plays a pro-inflammatory role in immune surveillance and M2 plays an anti-inflammatory role in 
regulating the recovery from intracerebral hemorrhage [12]. The M1 pro-inflammatory phenotype is induced mainly by immune cells, 
related kinases, and inflammatory cytokines. T-cell immunoglobulin and mucin structural domain-containing molecule 3 (Tim-3) and 
TonEBP can block nuclear factor erythroid 2 like 1 (Nrf2) bind to the HO-2 promoter and suppress its expression and transformation to 
the M2 subtype, thus inducing macrophages to polarize into the M1 phenotype, releasing inflammatory signals [13,14]. NOD-, LRR- 
and pyrin domain-containing 3 (NLRP3), which induces inflammation in microglia, can be activated after ICH to induce IL-1α, TNF-α 
and caspase-1 apoptotic pathways, leading to an inflammatory cascade reaction and aggravating brain injury. NLRP3 inhibition 
promotes the transformation of M1 to M2 and reduces ROS accumulation resulting from oxidative stress damage [15]. In addition, 
miRNAs are potential biomarkers of inflammatory diseases and participate in immune regulation. The upregulated expression of 
miR-34a-5p and miR-494 after ICH can inhibit M1 polarization of microglia into M2, exacerbating cerebral edema and damage to 
neurological functions. Whereas inhibiting the expression of inflammatory mediators can promote the transformation of microglia into 
M2 anti-inflammatory phenotype, for example, downregulation of neuregulin receptor degradation protein-1 in macrophages 
significantly promotes the polarization of M2 macrophages by activating transcription factor C/EBP-β and playing an 
anti-inflammatory role [16,17]. miR-146a-5p expression in bone marrow mesenchymal stem cells can reduce inducible nitric synthase 
(iNOS) released by M1 microglia, cyclooxygenase-2, monocyte chemoattractant protein-1, interleukin-1 receptor-associated kinase1, 
and nuclear factor of activated T cells 5 to protect neural function [18]. Relevant studies have found that the janus kinase 1 
(JNK1)/signal transducer and activator of transcription 6 (STAT6) pathway can also activate the M2 phenotype. IL-4 converts 
microglia to the anti-inflammatory phenotype through JAK1/STAT6, and a study on ferrostatin 1 (Fer-1) also affirmed that Fer-1 can 
promote phagocytosis of damaged red blood cells in M2-polarized microglia and inhibit inflammation by activating the JAK1/STAT6 
pathway to clear hematomas and mitigate neurologic defects [19,20]. In addition to microglia participating in autophagy and 
inflammation, the aquaporins of astrocytes play a role in the formation of edema after ICH, astrocyte migration, and inflammation. 
Aquaporin 2 can promote the activation of astrocytes by regulating the toll-like receptor 4 (TLR4)/NF-κB-p65 pathway after ICH, and 
indirectly promote the polarization of microglia towards M1 phenotype to mediate heme-induced inflammatory response [21]. 
Therefore, timely conversion of the microglia to the M2 phenotype can significantly reduce damage, by inhibiting mammalian target of 
rapamycin (mTOR) and the TLR4/NF-κβ pathway in macrophages, and promoting the adenosine 5’ -monophosphate (AMP)-activated 
protein kinase (AMPK) pathway to relieve inflammatory response [22,23]. In addition, monocytes and multinucleated giant cells can 
activate the expression of M1 and M2 phenotypes for further degradation of hemoglobin and removal of hematomas [24]. 
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We assume that the M1 in response to inflammation, presenting inflammatory signals in the process of inflammatory factors, can 
aggravate brain damage, and then the M2 anti-inflammatory phenotypic transformation is not responsive in time, which fails to 
eliminate damaged neuronal poison, severe inflammatory lesions, and further damage to mitochondrial functions. Mitochondria- 
targeted protein kinases such as PTEN-induced kinase 1 (PINK) in microglial cells are inhibited and unable to provide protective 
mitophagy functions [25]. Hence, the timely restoration of mitochondrial functions can exert mitophagy and inhibit the damage of 
inflammation and oxidative stress caused by the early stage of glial cells in the neuronal system (Fig. 1). 

2.2. Mitochondrial dysfunction after ICH 

Mitochondrial dysfunction caused by hypoxia, oxidative stress, inflammation, and apoptosis after intracerebral hemorrhage plays a 
critical role in brain injury [26]. Mitochondrial dysfunction is mainly reflected in three ways: decreased mitochondrial respiratory 
chain oxidative phosphorylation (OXPHOS) activity [27], increased mitochondrial ROS (mtROS) production, and increased mito-
chondrial DNA damage. Knockdown of Nrf2 and optineurin (OPTN) inhibits mitophagy, resulting in the accumulation of NLRP3, 
aggravating inflammatory damage, and causing secondary brain injury [28]. 

2.2.1. Damages caused by accumulation of mtROS 
A large accumulation of ROS destroys the inner mitochondrial membrane, leading to mitochondrial damage. The mitochondrial 

calcium uniporter (MCU) contributes to Ca2+ accumulation in the cytoplasm after ICH, resulting in membrane potential disturbance 
and mitochondrial swelling. Calcium overload and oxidative stress lead to mPTP opening and rapid loss of energy, which further 
causes microtubule disassembly and subsequent mitochondrial dysfunction, with eventual axonal degeneration within 24 h. MCU 
knockout can restore the mitochondrial membrane and structure, reduce ROS accumulation, and protect mitochondrial function [29, 
30]. 

To alleviate mitochondrial damage and reverse this situation, mitochondrial protein MIC60, a key component of the mitochondrial 
contact site and cristae connective organizing system (MICOS), is a potential target in ICH and facilitates the interaction between the 

Fig. 1. Damage pathways after intracerebral hemorrhage.  
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inner and outer membranes of mitochondria. After intracranial hemorrhage, mitochondrial damage leads to the remodeling of the 
mitochondrial cristae structure, and MIC60 is reduced due to PINK downregulation. Recovery of MIC60 expression can close mPTP and 
reduce matrix metalloproteinase (MMP) levels, maintain mitochondrial ridge structure to protect mitochondrial structure, promote 
mitophagy to reduce neuronal death, and improve cognitive function after ICH [31]. 

2.2.2. Mitochondrial oxidative phosphorylation, dynamic Abnormality and dysfunction 
Stabilization of mitochondrial membrane potential is closely related to mitochondrial fusion and fission mechanisms and is 

important in energy synthesis. The decrease of Notch1, WNT family member 1, and Peroxisome proliferator-activated receptor-γ 
coactivator-1alpha (PGC-1α) signal transduction will damage the blood-brain barrier and aggravate ICH pathological injury. Increased 
levels of mitochondrial dynamin-related protein 1 (Drp1) interfere with mitochondrial fusion and fission. Drp1 inhibition inhibits 
heme-induced hippocampal neuronal death and exacerbates synaptic damage. After ICH, decreased expression of OXPHOS complexes 
in mitochondria leads to decreased Notch1 signaling and expression, and changes in the direction of electron transfer, inducing ROS 
accumulation to disrupt the mitochondrial function of endothelial cells and the blood-brain barrier [32,33]. 

Excessive mitochondrial fission and fusion aggravate cell death. Drp1 and its receptor mitochondrial fission 1 are important 
proteins for mitochondrial fission, leading to mitochondrial fragmentation. Mitofusin 2 (Mfn2) and optic atrophy 1 can promote 
fusion. Excessive mitochondrial fission damages the mitochondrial structure, resulting in impaired oxidative phosphorylation, 
increased mROS production, ATP shortage, MMP damage, and the release of cytochrome-inducing apoptosis, which interferes with 
mitophagy [34]. The application of mitochondrial division inhibitor 1, a small-molecule inhibitor of Drp1, can alleviate 
Drp1-mediated mitochondrial fission after traumatic brain injury and inhibit autophagy and mitophagy in some regions of cortical 
neurons, thereby protecting the blood-brain barrier [35]. In subarachnoid hemorrhage, activation of AMPK not only promotes 
mitophagy to protect the blood-brain barrier, but also inhibits the damage caused by Drp1-and Mfn2-induced fission [36]. 

2.3. Ferroptosis in ICH 

Ferroptosis is a pathway that does not depend on caspase (a mediator of apoptosis and pyroptosis), ATP depletion, Bax/Bak (an 
important mediator of mitochondrial membrane transmutation), or intracellular Ca2+ elevation to cause neuronal death. Instead, it 
occurs via the accumulation of ROS produced by NAPDH oxidase, leading to glutamate-induced organotypic hippocampal slice culture 
cell death [37]. Accumulation of iron-dependent toxic lipid ROS aggravates lipid damage and irreversible damage to membrane 
permeability, eventually resulting in membrane disturbance, non-specific membrane perforation, and mitochondrial ridge fracture 
injury. ROS are produced by the tricarboxylic acid cycle and the activity of electron transfer chain, which aggravate the destruction of 
mitochondrial membrane potential [38,39]. After blood vessel rupture in brain tissue, the neurotoxin hemoglobin/heme is released 
from lysed red blood cells, and free iron ions lead to the accumulation of intracellular lipid ROS and ultimately lipid oxidation [40]. 
Mitogen-activated protein kinase (MAPK) and NF-κB pathways are activated after iron accumulation, resulting in cell membrane 
damage and neuronal death [41]. 

Microglia and infiltrating macrophages in the pericerebral hematoma area phagocytose damaged erythrocytes; autophagosome 
formation is observed, as well as swollen mitochondria in axon dendrites [42]. The production of free iron ions can affect microglia 
polarization, ROS-induced NF-κB-p65 translocates in microglia, and astrocytes are expressed as M1 microglia and A1 astrocytes, 
inducing inflammatory damage [43]. Inhibition of microglial and macrophage activation and neutrophil infiltration can reduce fer-
roptotic damage and increase the level of Bclin-2 protein, which can inhibit Bax-induced apoptosis. Hence, the timely transformation 
of microglia from the M1 to the M2 phenotype can enhance phagocytosis, prevent hemoglobin-induced inflammatory damage in the 
hippocampal layer, and enhance mitophagy to alleviate injury after ICH [20,44]. 

Mitophagy promotion can enhance ICH recovery and inhibit the oxidative stress response and ferroptosis caused by heme accu-
mulation. In a study on traumatic brain injury, mitophagy mediated by the PINK1/Parkin pathway was found to protect neurons from 
iron-induced death [45]. Nrf2 participates in this protective mechanism when mitophagy is activated. Nrf2 can also activate the 
antioxidant pathway p62/kelch-like ECH-associated protein 1 (Keap1), upregulation of ferritin heavy chain 1 and GPX4, and promote 
the expression of HO-1 to decrease neuronal death [46–48]. 

2.4. Autophagy in ICH 

Autophagy is an intracellular lysosome-mediated catabolic mechanism that forms bilayer vesicle structures to remove damaged or 
dysfunctional cytoplasmic components and degrade intracellular organelles for transport to lysosomes for recycling [49]. Autophagy 
can occur in the area around the hematoma after ICH, usually induced by thrombin accumulation, to maintain material and energy 
stability, ensure cell survival in the face of starvation or other types of damage, and maintain cell homeostasis, which is sensitive to 
anoxic environments [50]. Mesenchymal stem cells can activate autophagy after hypoxic preconditioning and promote autophagy 
through the polypyrimidine tract-binding protein 1/phosphoinositide 3-kinase (PTBP1/PI3K) signaling pathway, miR-326 plays a 
protective role in alleviating cell senescence [51]. In certain situations, excessive autophagy may lead to inflammation, induce 
apoptosis, or destroy the blood-brain barrier. The activation of microglial autophagy and high mobility group box-1 transferred from 
the nucleus to the cytoplasm play a destructive role in neurological deficiency [52]. Upregulation of TLR4 and myeloid differentiation 
factor 88 induces neurological impairment, during which Beclin1 can be discovered. Combination of autophagy related 5 and light 
chain 3 (LC3) can induce IL-1β and TNF-α-induced inflammatory damage induced by microglial autophagy [53]. Red blood cell lysate 
can induce TLR4 to produce inflammatory factors and caspase-3 cell apoptosis pathway, and IL-17 can promote microglia autophagy to 
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activate the p38 via extracellular signal-regulated kinases (ERK) and phosphoinositide 3-kinase (PI3K) pathways, which significantly 
increase the levels of TNF-α, iNOS, and IL-6 proteins, exacerbating neurological impairment and brain edema [54,55]. 

In addition, expression of the inflammatory factor NLRP6 is upregulated after ICH, which induces autophagy and brain injury [56]. 
Activation of NLRP3 in microglia/macrophages promotes the extracellular release of IL-1β, leading to excessive autophagy and neuron 
binding through AMPK/Beclin-1 pathway to induce apoptosis in vivo and in vitro, and inhibition of the NLRP3 inflammasome reduces 
subependymal edema after ICH [57]. PI3K/protein kinase B) signaling and phosphorylation of the downstream effector forkhead box 
O3 (FOXO3a) subsequently enhance FOXO3a nuclear translocation, which induces excessive autophagy of hippocampal neurons, 
resulting in apoptotic damage [58]. 

We speculated that mitophagy may balance the damage caused by microglial autophagy, inhibit inflammation, and play a pro-
tective role. After ICH, the expression of the mitophagy proteins PINK-Parkin and LC3II decreased in microglial cells. Increasing the 
level of PINK-Parkin can increase the density and length of mitochondria in motor neurons and neuromuscular joints and protect the 
nervous system [59]. Timely and appropriate expression of mitophagy proteins is beneficial for the recovery of mitochondrial func-
tions [25]. It is of great importance to inhibit the inflammatory injury caused by autophagy induced by microglial cells and the healing 
of ICH. 

3. Mitophagy 

Mitochondria are dynamic two-membrane organelles involved in the regulation of cellular health and energy supply during 
respiration. In addition to ATP production, mitochondria play a central role in shaping cellular signaling characteristics by mediating 
cell death, calcium balance, immune signaling, neuroplasticity, neurotransmission, and monitoring neural health [60]. Autophagy 
forms dissociation membranes that expand spherically to phagocytose and degrade organelles, resulting in double-membrane vesicles 
called autophagosomes that transport these phagocytic substances to lysosomes for later degradation [61]. Mitophagy is a selective 
autophagy that plays an important role in removing dysfunctional or damaged mitochondria to maintain mitochondrial dynamics, thus 
alleviating damage and cell dysfunction and enabling organelles to restore energy metabolism and maintain cell homeostasis [62]. At 
present, studies on the role and protective mechanism of mitophagy after ICH are relatively limited, and the effects of mitophagy and 
related targets are still controversial, such as Bcl-2/adenovirus E1B 19-kDa interacting proteins (BNIP3/BNIP3L) playing both positive 
and negative roles in different stroke disorders [63–65]. We will further explore the roles of the different targets in mitophagy and their 
functions under hypoxic conditions. 

3.1. Mitophagy’s functions in ischemic stroke 

In studies of ischemic stroke and post-ischemic reperfusion diseases, prostaglandin C-1α promotes mitophagy through unc-51-like 
kinase 1, reduces the activation of NLRP3, and alleviates brain injury caused by NLRP3 inflammatory factor [66,67]. By increasing 
AMPK, FUN14 domain-containing 1 (FUNDC1), and PINK/Parkin protein binding to LC3 receptors, mitophagy can clear damaged 
mitochondria, restore the number of lysosomes, close ROS accumulation to induce the opening of mPTP channels in the mitochondrial 
membrane, improve the low-energy state of ATP, and remove damaged mitochondria [68,69]. In an anoxic environment during 
ischemic stroke, the expression of BNIP3 causes demyelination and death of oligodendrocytes, and the ectopic position with EndoG 
causes neuronal cell death [70,71]. According to a study on MAPK’s regulation of proliferation, survival, and differentiation of neural 
stem cells, it has been found that mitogen-activated protein kinase phosphatase 1 (MKP-1) participates in mitophagy, whereas a lack of 
MKP-1 enhances BNIP3-induced autophagy and promotes apoptosis of neuronal stem cells [72]. We speculate that the different roles of 
mitophagy in stroke are closely related to neurons and glial cells, the location of occurrence, and the active targets of autophagy genes 
and proteins. Some active-related genes and proteins can be helpful in the recovery of mitochondrial functions, protection of neurons 
and glial cells, and maintenance of homeostasis. 

3.2. 3.2 mitophagy in ICH 

After ICH, mitophagy plays a role in reducing apoptosis caused by the inflammatory response and in restoring mitochondrial and 
nervous system functions. Activating the p62/Keap1/Nrf2 pathway using drugs to promote mitophagy can improve the level of LC3II 
receptors and avoid damage induced by oxygenated hemoglobin. Nrf2 can also promote optineurin-mediated mitophagy. LC3 II/I, 
Beclin1, Parkin, PINK1, and other proteins can be found around the brain tissue to inhibit the NLRP3 inflammasome and secondary 
brain injury [46,73]. When Nrf2 is deficient, the mitophagy protein levels of LC3 II/I, OPTN, Beclin1, Parkin, and PINK1 are relatively 
reduced, the endogenous antioxidant capacity is weakened, leaving the blood-brain barrier damaged, brain edema is aggravated after 
ICH, and the inflammatory response is activated to aggravate the apoptosis of neuronal cells. Therefore, enhanced mitophagy can 
restore mitochondrial function [46]. MiR-146a expression can activate mitophagy by increasing Beclin1, Beclin2, and LC3 II protein, 
reducing brain edema and hippocampal neuronal apoptosis induced by NF-κB, Bax, and caspase3 [74]. PINK/Parkin plays a powerful 
protective role in microglial cells and neurons, promotes autophagy, and reduces oxidative stress damage caused by ROS accumu-
lation. In a study on GV20-GB7 (Baihui-Qubin point) acupuncture, an increase in PINK1, Parkin, and BNIP3 interacting with LC3 II can 
mediate autophagy, and therefore inhibit TNF alpha/NF-κB expression to reduce inflammation, p53, and neuronal apoptosis induced 
by caspase, thus improving the function of mitochondria and the nervous system [25,75]. MIC60 is a key component of mitochondrial 
contact sites and MICOS, which can restore mitochondrial ridge and morphological function, improve the level of PINK/Parkin protein 
after ICH to restore mitochondrial membrane stability, clear damaged mitochondria, and alleviate neuronal apoptosis and 
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degeneration by facilitating mitophagy [31]. 
Inhibition of NLRP3 can also act as an effective approach for mitophagy. FUNDC1 is located in the outer layer of mitochondria- 

associated membranes. It reaches its peak at 12 h after ICH, and during this time FUNDC1 enhances mitophagy and inhibits 
caspase-mediated neuronal apoptosis caused by NLRP3, IL-18, and IL-1β [76]. In addition to the roles of mitophagy proteins in 
regulating axonal nutrient transport and the physiological functions of mitochondria, PINK/Parkin can participate in the upregulation 
of the mitochondrial transport protein Miro1 during the removal of damaged substances [77]. High expression of Miro1 can recruit 
more KLF Transcription Factor 5 (KIF5) and dyneins, which is conducive to the retrograde transport of damaged mitochondria along 
axons with the help of dyneins and the anterograde transport of damaged substances along axons by healthy mitochondria with the 
help of KIF5s to restore mitochondrial transport functions [78]. Under most conditions, mitophagy after ICH can restore mitochondrial 
function and decrease the damage caused by inflammation and apoptosis. 

The hypoxia inducible factor (HIF) acts as a transcription factor mediating an adaptive response to hypoxia and maintains ho-
meostasis after ICH. The HIF family consists of three heterodimer members (HIF-1a, HIF-2a, and HIF-3a) and an oxygen-insensitive 
HIF-2b subunit [79,80]. HIF-2a can reduce brain injury by promoting angiogenesis via the vascular endothelial growth factor 
(VEGF)/Notch pathway [81]. HIF-1α is closely related to brain tissue callus after ICH and used as a prognostic marker, while miR-24 
can be activated by thrombin and red cell lysate around blood cells to promote HIF-1α expression and restore angiogenesis [82,83]. In 
combination with brain-derived neurotrophic factor promote BNIP3, LC3, and other autophagy proteins promote mitophagy, restore 
mitochondrial function, protect cerebrovascular endothelial cells, and inhibit brain damage caused by hyperglycemia [84](Fig. 2). 

3.3. Controversial Opinions on BNIP3 ′functions 

BNIP3 and BNIP3L are in the BH3 domain and BCL2 homologous protein structure and induce cell death via autophagy. The role of 
BNIP3 in nervous system diseases remains controversial. Some studies have demonstrated that excessive mitophagy can induce 
neuronal damage, especially under adverse conditions, such as massive accumulation of metal ions, ischemia, and hypoxia. In neonatal 
hypoxic ischemic encephalopathy, HIF-1α and HIF-2α promote the expression of BNIP3 and play a damaging role in hypoxia-induced 
neuronal apoptosis [85]. The expressions of Nrf2, p53, BNIP3, and caspase-3 are time-dependent and dose-dependent with HIF-1α 
after traumatic brain injury, and inhibition of HIF-1α can reduce BNIP3/p53/cytochrome C-induced cortical neuronal apoptosis [86]. 
In ischemic stroke, BNIP3 combined with LC3 can induce mitophagy via the p53 pathway to promote apoptosis in cortical neurons and 
increase membrane permeability to impair neuronal apoptosis in the CA3 region of the hippocampus [87,88]. It has also been 

Fig. 2. Protective effect of mitophagy and pathway, and microglia autophagy pathway bring apoptotic damage and cause cerebral hematoma.  
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suggested that the promotion of HIF-1α/BNIP3 in SH-SY5Y cell mediating mitophagy can improve the protective effect within 12–24 h 
after ischemic stroke and hypoxia, and the inhibition of the caspase3-mediated neuronal apoptosis pathway is the key factor causing 
brain injury [89]. In a study on neuroinflammation, MAPK induced the expression of BNIP3, activated the mitophagy of microglia 
cells, degraded the injured mitochondria, inhibited the apoptosis of microglia BV-2 cells mediated by TNF-α-caspase pathway, 
improved mitochondrial energy production, and reduced cellular oxidative stress [90]. The experimental sites (lateral ventricles, basal 
ganglia, etc.) of ICH are different. After ICH, mitophagy can extensively inhibit neuronal apoptosis, inflammation, and oxidative stress 
responses to protect mitochondrial function. 

BNIP3 is highly sensitive to hypoxia. Under hypoxic conditions, hypoxia-response element on BNIP3 responds to hypoxia rapidly 
[91]. ROS accumulation in hypoxia can drive the expression of BNIP3, and claudin-5 is involved in the mitophagy protection of 
endothelial cells in the neuronal system. Claudin-5 eliminates ROS and responds to early hypoxia-induced downstream 
BNIP3-mediated mitophagy in endothelial cells to maintain the blood-brain barrier [92]. 

Although the role of BNIP3 in stroke remains controversial, we believe that BNIP3 plays a protective role, and BNIP3L plays a 
damaging role after ICH. At 6 h after ICH, the expression level of BNIP3 protein increases in combination with PINK1 and Parkin to 
exert mitophagy response, which can eliminate the expression of p53 and TNF-α/NFκB and neuronal apoptosis induced by inflam-
matory response, to improve the recovery of neuronal function [75]. BNIP3L is mainly expressed in neurons and is unrelated to as-
trocytes or oligodendrocytes. The effect of BNIP3L on ICH differed from that of BNIP3. BNIP3L binds to Bcl-2 through its BH3 domain 
and directly mediates mitophagy, releasing cytochrome c,which induces apoptosis via the caspase3 pathway and aggravates brain 
injury [93](Fig. 3). 

In conclusion, we believe that activating BNIP3 and inhibiting BNIP3L after ICH can reduce neuronal apoptosis under hypoxic 
conditions and that the function of microglia and neurons can be restored through the PINK/Parkin protein. 

4. Therapeutic targets 

4.1. Mitophagy targets 

Currently, there are few studies on the application of mitophagy targets in the treatment of intracerebral hemorrhage. For related 
targets, such as Nrf2, which can regulate mitophagy and inflammatory responses, the activation of related mitochondrial proteins can 

Fig. 3. BNIP3 activation promotes mitophagy for protective effect, while BNIP3L activation mediates apoptotic damage.  
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Table 1 
Selective autophagy and mitophagy characteristics and effects in ICH 
This table demonstrates treatments in ICH via autophagy and mitophagy pathways with activating their targeted proteins and genes, as well as respective effects of them including effective cells in 
therapies. Some proteins or genes that haven’t been further studied could be the potential therapy targets in future.  

Process Major Cargo Related Proteins Regulation of 
Related Proteins 

Cell ICH 
Model 

Treatment Time Related 
Treatments 

Effects References 

Mitophagy Damaged or 
superfluous 
mitochondria 

PINK/Parkin/ 
BNIP3 pathway 

upregulation Neuron ICH 
Rats 

2h after ICH, once 
every 24 h thereafter 

Acupuncture 
(GV20 through 
GB7) 

Enhancing mitophagy to decrease 
mitochondrial apoptosis and 
neurobehavioral deficits 

[25,75] 

P62/mTOR downregulation Neuron ICH 
Rats 

7 days after ICH Acupuncture 
(GV20 through 
GB7) 

Enhancing autophagy to improve motor/ 
sensory functions and reduce injury in the 
peri hemorrhagic penumbra 

P62-Keap1-Nrf2 upregulation Neuron ICH 
Rats 

24 h after ICH Luteolin Enhancing autophagy to ameliorate 
oxyhemoglobin-induced mitochondrial 
injury and secondary brain injury 

[73] 

FUNDC1 upregulation Neuron ICH 
Rats 

– – Enhancing mitophagy to eliminate 
mitochondrial dysfunction after hypoxia and 
mitochondrial stress 

[76] 

MIC60 upregulation Neuron ICH 
Rats 

– – Enhancing mitophagy to mitigate ICH- 
induced neuronal apoptosis and 
neurodegeneration, maintain mitochondrial 
membrane structure and functions 

[31] 

Nrf2/OPTN upregulation Neuron ICH 
Rats 

– – Enhancing mitophagy to inhibit NLRP3 and 
brain edema and protect the brain barrier in 
case of SBI (Secondary brain injury) 

[28,46] 

BNIP3L/LC3 upregulation Neuron ICH 
Rats 

6 h after ICH Scalp Acupuncture Enhancing mitophagy to mitigate cell injury- 
edema, inflammatory infiltration in the peri 
hemorrhage. 

[47,59] 

HIF-1α/VEGF downregulation Neuron ICH 
Patients 

high-flow oxygen 8 
L/min, 1 h each time 
for 6 cycles daily 

Normobaric 
Oxygen Therapy 

NBO therapy increases brain metabolic rate, 
attenuated cerebral edema, reduced local 
brain cell acidosis, and protected the BBB 
(Brain Barriers) 

[96–99] 

ICH 
Rats 

1 h after ICH(90 % 
concentrations in a 
single 6 h session 
daily) 

NBO therapy suppresses HIF-1 activity and 
alleviates cerebral edema. 

Autophagy Damaged or 
superfluous 
organelle 

ERK/mTOR/ 
p62/LC3 

downregulation Neuron ICH 
Rats 

– Orexin-A Inhibition of autophagy to attenuate 
secondary brain injury and protect against 
inflammation 

[102] 

Glutamate/ 
calcium-related 
cascades 

downregulation Neuron, 
astrocyte 

ICH 
Rats 

2h after ICH Alpha-asarone Inhibition of autophagy to ameliorate short- 
and long-term neurological impairments, 
bodyweight loss, and learning and memory 
ability, and alleviate neuronal damage, 
brain edema, and BBB dysfunction via 
enhancing the expression of GABA 

[94] 

AMPK/mTOR downregulation Neuron ICH 
Rats 

– Lovastatin Inhibition of autophagy to mitigate 
cognitive impairment, enhance their spatial 
learning and memory abilities, reduce 
oxidative stress response and inflammatory 
factors which induce nervous system 
damage, lesion area, and brain water 
content after ICH 

[104] 

(continued on next page) 
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Table 1 (continued ) 

Process Major Cargo Related Proteins Regulation of 
Related Proteins 

Cell ICH 
Model 

Treatment Time Related 
Treatments 

Effects References 

ROS/PTEN/ 
PI3K/AKT 

downregulation Neuron ICH 
Rats 

– Perampanel Inhibition of autophagy to alleviate early 
brain injury following ICH, relieve hemin- 
induced HT22 neuronal injury, 
neuroinflammation and necroptosis via the 
PTEN signaling pathway. 

[105] 

Claudin-5/LC3/ 
Beclin 

upregulation Neuron, 
microglia 

ICH 
Rats 

1 h after ICH 
followed by daily 
doses at 24-h 
intervals. 

PNU-282987 PNU-282987 promotes the cerebral 
functional outcomes after ICH in mice 
through activated α7nAChR, which is 
attributable to promoting autophagy and 
reducing inflammatory reactions through 
AMPK-mTOR-p70S6K-associated autophagy 
and microglia/macrophage polarization 
toward to an anti-inflammatory phenotype 

[103] 

miR-326/ 
PTBP1/PI3K 

upregulation Neuron, OM- 
MSC 

ICH 
Rats 

– Hypoxic 
preconditioning 
OM-MSC 

Enhancing autophagy to increase survival 
and tissue-protective capability in the 
hypoxia condition via miR-326/PTBP1/ 
PI3K signaling pathway 

[109] 

Inhibition of iron- 
mediated 
secondary 
neuronal injury 

Fe2+/ROS/ 
Heme 
accumulation 

downregulation microglia/ 
macrophage, 
neuron， 
astrocytes 

ICH 
Rats 

24 h after ICH Deferasirox Inhibition of autophagy to attenuate the 
hemin-induced cell death and neurological 
deficits by suppressing oxidative stress 

[106] 

P62; increase in 
LC3-II/LC3-I 
conversion ratio 

downregulation Neuron, 
endothelial cells 
and astrocyte 

ICH 
Rats 

– Hepcidin Inhibition of autophagy to attenuate iron- 
mediated secondary neuronal injury and 
ferroptosis in case of ICH-induced 
neurodegeneration 

[107,108]  
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play a protective role. To activate the Nrf2 target, the p62-Keap1-Nrf2 pathway can be activated by Luteolin to mediate mitophagy and 
protect neurons from oxygenated hemoglobin-induced damage [73]. For glial cell protection, Alpha-asarone can be applied to inhibit 
autophagy and promote sodium ion excretion, blocking axon excitatory signaling and inhibiting mitochondrial and related cell 
apoptosis induced by glutamic acid and calcium-related cascade reactions [94]. 

For neuronal protection, Baihui point and Qubin point acupuncture can mediate mitophagy by activating the PINK/Parkin and 
BNIP3 genes and inhibiting the expression of the mTOR pathway and p62 to activate mitophagy [75,95]. Oxygen therapy can 
counteract hypoxic injury after ICH. In ischemic stroke, 2 weeks of treatment with normobaric oxygen (NBO) can reduce focal 
infarction of 24–48 h, reduce the expression activity of microglia and astrocytes, and induce vascular remodeling [96]. The water 
content around intracerebral hematoma increases moderately at 6 h after experimental ICH, significantly at 48 h, and reaches a peak at 
72 h. Meanwhile, HIF-1α and VEGF begin to express at 6 h after ICH and gradually increase until reaching a peak at 48–72 h, and then 
decrease gradually. The expression of HIF-1α and VEGF can be inhibited by oxygen therapy at 90 % concentration, and the neuronal 
apoptosis around a hematoma can be reduced. Meanwhile, NBO can inhibit the activation of MMP-9 and HIF-1α 30 min after ICH, 
reducing cerebral edema and protecting the blood-brain barrier [97,98]. Compared with hyperbaric oxygen, NBO therapy has high 
efficiency, convenience, and low cost, and the appropriate oxygen flow rate is 8–10 L/min [99]. 

4.2. Autophagy targets 

Thrombin-induced autophagy of neurons can be observed around the hematoma area after ICH, and Beclin1, LC3, and plasma TAT 
are highly expressed. Reducing thrombin levels may inhibit autophagy in neurons [100]. PPARγ/RAD21 Cohesin Complex Component 
can relieve ICH injury by promoting M2-type polarization of microglia cells, inhibiting inflammatory response and thrombine-induced 
apoptosis [101]. Orexin-A inhibits the ERK/mTOR signaling pathway to reduce thrombin-mediated autophagy by upregulating 
LC3B-II/LC3B and downregulating p62. Combined with Oxidation Resistance 1, it prevents heme-induced PC12 cell damage and 
protects against neuronal apoptosis [102]. 

Autophagy-enhancing drugs promote the protective effects of autophagy by inducing anti-inflammatory phenotypes in glial cells. 
For example, PNU-282987, a cholinergic receptor activator, activates cholinergic receptor α7nAChR via the AMPK-mTOR-P70S6K- 
related autophagy pathway, which can promote the polarization of macrophages/microglia into anti-inflammatory subtypes 
(CD206), repair blood-brain barrier damage (ZO-1, Claudin-5, Occludin), increase autophagy proteins (LC3, Beclin), and decrease p62 
expression to relieve acute cerebral edema and restore neurological function [103]. However, drugs that inhibit autophagy can also 
inhibit the activation of inflammatory pathways. For example, lovastatin inhibits the AMPK/mTOR signaling pathway after ICH to 
reduce neuronal apoptosis induced by inflammatory factors and increases the expression of the anti-inflammatory factor IL-10 to 
protect brain tissue [104]. Perampanel downregulates Receptor-interacting protein 1 (RIP1), RIP3, and mixed lineage kinase domains 
(e.g. Pseudokinase) to decrease autophagy and protein expression levels of cytokines IL-1β, IL-6, TNF-α, and NF-κB, which can induce 
hippocampal neuron apoptosis [105]. 

In the treatment of ferroptosis, Deferasirox is a ferric chelating agent that inhibits intracellular Fe2+, autophagy-induced cell death 
by heme accumulation, and microglial/macrophage activation [106]. Hepcidin inhibits heme-induced increases in the conversion of 
LC3-II/LC3-I and p62 in cortical neurons, and reduces ferroptosis and autophagy [107,108]. 

Hypoxia-preconditioned stem cells can also cure hypoxic injury by mediating miR-326 to upregulate autophagy through the miR- 
326/PTBP1/PI3K pathway to delay the aging of OM-MSC, relieve cell aging, and reduce oxidative stress and inflammatory damage 
[109](Table 1). 

5. Prospects 

At present, regarding the role of mitophagy and related genes after intracerebral hemorrhage, mitophagy derived from different 
neuronal cells and mitophagy targets can be further studied and explored through targeted treatments to avoid damage caused by 
excessive autophagy. We speculated that different cells (glial cells and neurons), different experimental sites (such as basal ganglia, 
lateral ventricles, and hippocampus), different times, and inconsistent combinations of autophagy proteins or genes might lead to 
different experimental results. Based on the results of the present study, we believe that mitophagy can clear damaged organelles, 
relieve and inhibit autophagy in glial cells, restore inflammation, prevent oxidative stress damage, and restore mitochondrial function. 
Glia-induced autophagy is associated with intracerebral hemorrhage, early neuronal cell death, and inflammatory injury. Therefore, 
glial cell expression of an anti-inflammatory phenotype should be regulated in a timely manner. In addition, transient ischemia and 
hypoxia after intracerebral hemorrhage can activate oxygen-sensitive autophagy genes, such as BNIP3/BNIP3L, and affect the re-
covery of intracerebral hemorrhage. Through acupuncture, BNIP3 is effectively activated to reduce brain damage [59]. 

We assumed that oxygen therapy within 30 min after ICH can inhibit hypoxic injury, and drugs or methods can be applied within 
12 h to activate mitophagy targets (such as PINK/Parkin, Nrf2 plays a protective role in neurons and glial cells) and can be used as a 
highly efficient protective target to avoid secondary brain injury. 
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