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Abstract: Intracerebral hemorrhage (ICH) is a particularly common public health problem with a high mortality and disability rate
and no effective treatments to enhance clinical prognosis. The increased aging population, improved vascular prevention, and
augmented use of antithrombotic agents have collectively contributed to the rise in ICH incidence over the past few decades. The
exploration and understanding of mechanisms and intervention strategies has great practical significance for expanding treatments and
improving prognosis of ICH. Microglia, as resident macrophages of central nervous system, are responsible for the first immune
defense post-ICH. After ICH, M1 microglia is firstly activated by primary injury and thrombin; subsequently, reactive microglia can
further amplify the immune response and exert secondary injury (eg, oxidative stress, neuronal damage, and brain edema). The pro-
inflammatory phenotype transmits to M2 microglia within 7 days post-ICH, which plays a key role in erythrophagocytosis and limiting
the inflammatory secondary injury. Microglial M2 polarization has significant implications for improving prognosis, this process can
be mediated through crosstalk with other cells, metabolic changes, and microbiota interaction. Clarifying the effect, timing, and
potential downstream effects of multiple mechanisms that synergistically trigger anti-inflammatory responses may be necessary for
clinical translation. Analyses of such intricate interaction between microglia cells and brain injury/repair mechanisms will contribute to
our understanding of the critical microglial responses to microenvironment and facilitating the discovery of appropriate intervention
strategies. Here, we present a comprehensive overview of the latest evidences on microglial dynamics following ICH, their role in
driving primary/secondary injury mechanisms as well as neurorepair/plasticity, and possible treatment strategies targeting microglia.
Keywords: intracerebral hemorrhage, microglia, brain injury, mechanisms, utilization strategies

Introduction

Intracerebral hemorrhage (ICH) has constituted a particularly common public health problem due to its high mortality and
disability rates, yet no effective treatment has been identified.' An estimated one quarter of the global population is at risk of
stroke during their lifetime, with ICH accounting for approximately 16% of all incidents. Shockingly, the mortality rate at 28
days following ICH is as high as 47%.>* The incidence of ICH has substantially risen in low- and middle-income countries
due to increased thrombosis, antithrombotic agents abuse, and the aging population.””” Although methods for identifying the
injury mechanisms of ICH and predicting the long-term vascular risk of patients have progressed in the previous decades, the
effective clinical intervention for ICH is not yet available. The management guidelines of ICH focus on the management of
risk factor (hypertension, antithrombotics, diabetes, and heavy alcohol use), surgical hematoma clearance, and medical
management of secondary brain injury (seizures, hyperglycemia, elevated ICP and fever)."* Apparently, interventions
targeting microglia are significantly different from the conventional clinical treatment. Actually, the pathophysiology of
ICH is extremely intricate and incorporates both primary brain injury and various secondary brain injury, for example,
inflammatory response, oxidative stress, neuronal damage, and brain edema.”'® These injury mechanisms are all closely
associated with the resident microglia. A comprehensive assessment of the injury mechanisms and effective intervening

measures based on microglia for ICH remains necessary.
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Microglia, the resident immune cells of brain, comprise approximately 10—15% of all cells in the central nervous system
(CNS)."" These microglia are associated with multiple essential functions in the development and repairment of brain during
homeostasis and diseases.'” Furthermore, they are responsible for the brain’s first immune defence after ICH. During
homeostasis, microglia contribute to the synaptic formation and modification, neuronal protection, as well as neuronal and
axonal excitability through several distinct patrolling modes.'*'* Whereas in disease conditions, they can rapidly undergo
clonal proliferation, become activated into phagocytic and/or proinflammatory states, and affect the recruitment of peripheral
immune cells.'>'® Microglia are myeloid cells that are derived from erythromyeloid progenitors, this lineage also includes
monocytes/macrophages. Once fully activated, the infiltrated macrophages and resident microglia share many similarities,
including phenotypic markers, signature genes, pro-/anti-inflammatory response and phagocytic function. Therefore, it is
difficult to distinguish them, they are collectively known as microglia/macrophage.'” Microglia/macrophage at the perihe-
matomal site of cerebral hemorrhage can polarise and display dual roles in the injury and repair processes, including a pro-
inflammatory phenotype (M1) and an anti-inflammatory phenotype (M2). Either the M1/M2 phenotype or pro-inflammatory
/anti-inflammatory terminology is a commonly useful concept to understand the functional status of microglia/macrophage,
and this will be used in this review for simplicity, despite the reality of the situation being more complex.'®'” In this review, we
will primarily concentrate on resident microglial activation, function and utilization strategies following ICH.

Mounting evidences have revealed the critical role of the immune cascade in the progress of brain injury and repair post-ICH.
Following ICH, the entry of exogenous blood into the brain parenchyma constitutes the earliest trigger for homeostatic microglial
activation through the composition of blood (thrombin, fibrous protein) and the mass effect of hematoma formation.'**
Subsequently, blood and its degradation products (hemoglobin, heme, and iron) further accelerate the immune response after
brain damage.”' ** Meanwhile, numerous secondary brain injury mechanisms have interacted with this inflammatory response,
jointly contributing to both the brain injury and repair post-ICH. In the process of ICH, the transition of microglia from a pro-
inflammatory to the anti-inflammatory phenotype also implies the changes of damage to repairment program of brain tissues.
Targeted phenotypic modulation of microglia can inhibit inflammatory responses, promote hematoma clearance, and alleviate
a variety of secondary brain injuries, which is a promising approach. Currently, many preclinical and clinical studies have focused
on the immunotherapy post-ICH, including minocycline, statins, and sphingosine-1-phosphate receptor modulators.?® The latest
reports have displayed that a small-molecule drug candidate designed to target proinflammatory cytokines has been carried out for
the phase 2a clinical trial of ICH.?® The objective of this article is to summarize the latest evidences regarding the interaction of
microglial inflammatory response and brain injury mechanisms after ICH, along with some effective utilization strategies directed
towards microglia.

Microglia and ICH: Injury, or Repair?

The mechanisms of brain damage following ICH can be broadly classified into two distinct phases: the initial primary damage
resulting from the infiltration of blood into brain tissue at the onset of ICH, and the subsequent secondary damages provoked by
hematoma and its degradation products.?” The primary brain injury after ICH is primarily attributed to the mass effect, which not
only significantly contributes to clinical symptoms at the acute phase, but also serves as a critical prognostic indicator for
patients.”®* As ICH progresses, brain tissue undergoes a series of intricate physiological and pathological alterations. Numerous
studies have concentrated on investigating the mechanisms and intervention of secondary brain injury, which encompasses the
coagulation cascade, oxidative stress, inflammatory response, neuronal damage, blood—brain barrier (BBB) disruption and brain
edema (Figure 1). These factors are commonly recognised as crucial contributors to post-ICH brain injury and are closely
associated with exogenous hematoma and its degradation products (hemoglobin, heme, and iron).?' %

Similar to the complicated mechanisms of secondary brain injury experienced over the time course of ICH, the microglial
activation and its fate also displayed a temporal profile which was closely associated with the injury mechanisms. The latest
microglial visualization study showed that the number of perihematomal microglia was dramatically decreased at 1 day after
ICH and remarkably increased at days 3 and 7 in the autologous blood injected mice. This research also evidenced the
distinguished contribution of iron and thrombin to microglial death and proliferation using the directly intracerebral iron or
thrombin injected mice model, respectively.>’ The remarkable differences in the activation time and destiny of microglia based
on the different injury factors implied the distinguished regulated pattern on microglia by various injury mechanisms during
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Figure | The mechanisms of intracerebral hemorrhage (ICH). Brain-damaged mechanisms following ICH can be roughly classified into the primary brain damage and
secondary brain injury. The primary brain damage is primarily attributed to the hematoma formed mass effect. The secondary brain injury includes coagulation cascade,
neuronal damage, inflammatory response, oxidative stress, blood-brain barrier (BBB) disruption, and brain edema.

the process of ICH. The next sections will describe how microglia elicit their immune or non-immune functions by interacting
with the primary and secondary brain injury mechanisms after ICH.

Initial Microglial Activation Following ICH

When blood enters the brain parenchyma, microglia, as one of the first responders, play an important role in coordinating
the disease-related perturbations. Microglial cells can be activated by a variety of intricate injury mechanisms after ICH
under the imbalanced homeostasis.

The mechanical destruction induced by hematoma is highly temporally synchronized with early microglial activation.
Similar to the immediately formed mechanical injury, the glia and neurons had been mechanically stretched by hematoma as
early as 4 hours after [CH.'® There was an observed increasement in the activated and polarized M1 phenotypic microglia that
peaked in the ipsilateral basal ganglia at 4 hours following ICH.*® Microglia, which possessed an innate ability to sense the
mechanical information, presented a more intricate morphology and a migratory aptitude toward stiffer regions when cultured
on a substrate with stiffness gradients.®' It was reported that Piezol had mediated the effect of substrate stiffness-induced
migration and cytokine expression of microglia.*> Actually, the increased Young’s modulus of brain tissues mediated by the
hematoma mass effect can form a similar mechanical effect of substrate stiffness.>> Meanwhile, the significant upregulation of
Piezol protein in a balloon-inflated ICH model suggested the direct activation of mechanosensitive ion channels induced by
primary injury mechanisms. Simple balloon implantation can not only create mechanical mass effect but also avoid the
influence of hematoma and its products.®* The direct regulating effect of primary injury on mechanically gated ion channel and
the highly expressed Piezol in microglia both provide feasible avenues for further exploring the underlying molecular
mechanisms in the process of mass effect mediated microglial activation after the acute phase of ICH.>® Investigating the
relevant mechanisms will be facilitated to further understand and intervene of this process.

Thrombin is the central participant in blood coagulation, and its production may reflect the activation of secondary hemostasis.
Although clinical research had reported the positive correlation of plasma thrombin-antithrombin levels with ICH severity,*® the
accumulation of perihematomal thrombin after ICH in the silicone oil injected ICH model was reported to be associated with
neuronal expression rather than systemic influx.>” Controversially, the elevated thrombin activity in the blood injected rats has
indicated the contribution of exogenous hematoma to thrombin increasement compared with the saline injected rat model.*® It
should be noted that thrombin production in the brain has been found to be increased immediately following cerebral hemorrhage
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or BBB breakdown in many kinds of brain injury.*® Actually, the localisation of thrombin in CNS was not only on neurons but also
on glial cells, which was considered to be the most powerful driver of various pathological inflammation of the brain, including
ICH, ischemic, traumatic brain injury, Alzheimer’s disease, and Parkinson’s disease.***! At lower levels (10 pM — 10 nM),
thrombin can protect cells from a variety of insults through preventing glucose deprivation, edema or reactive oxygen species
(ROS) formation after ICH. When increased to the upper 10-fold concentrations (100 nM — 10 uM), thrombin can be deleterious
to the brain parenchyma by inducing tumor necrosis factor-a. (TNF-a) upregulation, edema and neuronal damage.** Thrombin is
considered as one of the central factors in the damage mechanisms of ICH, which can mediate various secondary brain injury, such
as BBB disruption, brain edema, neuronal death and neuroinflammation. On the one hand, thrombin was capable of cleaving pro-
IL-10, generating matured IL-10, and promoting the rapid recruitment of inflammatory cells. On the other hand, thrombin
activated the protease-activated receptors (PARs) on microglia was able to facilitate the release of pro-inflammatory cytokines
including TNF-a, interleukin 1o/1B (IL-10/1P), IL-6, IL-12, cyclooxygenase-2 (COX-2), and upregulate surface CD40
expression.S&43 Targeting thrombin activity has therefore been considered as a plausible mean to intervene in the proinflammatory
process and improve neuronal prognosis. However, given the key role of thrombin in hemostasis after ICH, the irrational
application of thrombin inhibitors is very possible to result in undesirable rebleeding or hematoma enlargement.** Evidence also
suggested that delayed anticoagulant intervention did not increase hematoma volume in the collagenase-induced ICH model.*
A previous study had confirmed that the overexpression of interleukin-1 receptor antagonist through adenovirus vector mediation
was an efficient approach in decreasing inflammatory response and brain edema caused by thrombin following ICH.*®

Microglia Mediate Inflammatory Secondary Injury

The inflammatory response driven by activated microglia that spreads throughout the brain is a significant contributor to
the secondary brain injury following ICH. This process is triggered by the release of a series of inflammatory factors,
including IL-1p, IL-6, TNF-a, COX-2, nitric oxide synthase 2 (NOS2), and ROS (Figure 2).*” After ICH, the poor
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Figure 2 The correlation between microglia activation and the secondary brain injury. The M2 polarization of microglia can accelerate hematoma clearance through
specifically phagocytosing the erythrocyte, hemoglobin and heme through CD36, CD 163 and LRPI, respectively. Activated microglia can mediated the secondary brain injury
via phenotypic changes and the release of a series of pro-inflammatory and anti-inflammatory factors.
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prognosis is attributed to a range of secondary brain injury factors such as neuroinflammation, oxidative stress,
perihematomal edema, and BBB disruption.**>°

Brain tissue is vulnerable to oxidative stress due to its high levels of lipids and iron but relative lack of antioxidants. Thus,
oxidative stress is commonly considered as the pivotal factor for the secondary brain injury post-ICH, which can disturb the
intracranial redox balance and result in activating multiple cell death pathways, including apoptosis, necrosis, necroptosis,
excessive autophagy and ferroptosis.”' Oxidative stress is defined as a disturbance in the balance between the generation and
detoxification of reactive free radicals such as ROS (eg superoxide) and reactive nitrogen radicals (RNS, eg nitric oxide).
Oxidative stress and inflammation have intimately interaction with each other. On the one hand, oxidative stress can directly
induce the expression of proinflammatory cytokines (IL-1B, TNF-a and IL-6); on the other hand, the production of reactive
species ROS/RNS production can be further mediated by the activated microglia after ICH.>>>* NADPH oxidases (NOX) are
the most important source of oxidants and have the primary function to catalyse the generation of ROS, which have been found
to be upregulated in microglia after pro-inflammatory activation.’” In vitro study has revealed that the ROS production in LPS
treated microglia can be increased in an iron dose-dependent manner through NOX.>® In the hematoma microenvironment
after ICH, both the abundant activated microglia and the overloaded iron can provide an important boost for the production of
ROS. In addition, the highly expressed inducible nitric oxide synthase (iNOS) on the activated microglia also can aggravate
oxidative stress by producing nitric oxide and derivative oxidants.’’~®

Perihematomal edema is considered as a quantifiable marker of secondary brain injury due to its radiological
manifestation. Clinical statistical analysis had displayed that the absolute increase of perihematomal edema was a well-
known predictor for clinical prognosis after ICH.?’*° Numerous studies had explored the formation mechanism of brain
edema, and most of these evidences had declared the significant effects of inflammation and oxidative stress
mechanism.”>* Given the mutual connection between oxidative stress and inflammation, a central topic of this study
will be the role of microglia to the formation of brain edema. Evidence indicated that vasogenic edema can be aggravated
by metalloproteinase-9 (MMP-9) through degrading the basal lamina of the BBB. The MMP-9 increasement had been
found to be induced by pro-inflammatory cytokines (IL-1B, TNF-a) in cultured microglia and astrocytes.®'** More than
that, levels of MMP-9 also can be elevated by the activated microglia at the early stage of immune response. Research
indicated that the pro-MMP-9 is generated by primary murine microglia, rather than astrocytes, when exposed to plasma
extracellular matrix components of fibronectin and vitronectin in vitro.®* Targeting activated microglia has been
recommended as a therapeutic approach to prevent edema and BBB leakage. A recent study has revealed that activated
MMP-9 can be significantly attenuated by inactivated and depleted microglia, and then ameliorate the BBB
dysfunction.®® Additionally, the available evidence displays that histone deacetylase 3 inhibitor can effectively mitigate
brain edema and BBB leakage through reducing MMP-9 expression, decreasing neuroinflammation, and upregulating the
tight junction proteins.®® Another study indicated that the intervention effect of the inhibitors was directly targeted to
microglia.®” These results demonstrate the essential modulating function of activated microglia on the brain edema by
elevating MMP-9 levels after ICH.

Except for vasogenic edema, the disruption of BBB also leads to hemorrhagic transformation and the infiltration of
leukocytes, which plays a non-negligible role in the pathogenesis of ICH. Moreover, the inflammatory response induced
by increased BBB permeability can further exacerbate BBB disruption and brain edema. Considerable evidences
implicate that M 1-like microglia released pro-inflammatory cytokines (TNF-a, IL-1B and IL-6) are typically responsible
for promoting BBB injury. Whereas M2-like microglia, produced anti-inflammatory cytokines (IL-10) are beneficial for
tissue repair and BBB protection.®® ’® In inflammatory microenvironment, the pro-inflammatory cytokines TNF-o and its
receptor have been considered as the crucial mediators on the endothelium for microglia induced endothelial necroptosis
and BBB disruption. The anti-TNF-q inhibition has obviously reversed BBB destruction and endothelial necroptosis.”’
Meanwhile, conditional deletion of the IL-1 receptor had been shown to decrease BBB breakdown and neutrophil
infiltration in ischemic stroke.”® Oxygen and nitrogen-free radicals secondary to microglial activation were also reported
to result in endothelial cell damage and regulating BBB permeability by mediating cell signaling pathways.>® In animal
models of ICH, pharmacological intervention with dexmedetomidine, a highly selective adrenergic 02 receptor agonist,
has been shown to protect BBB integrity through reducing M1 associated markers and facilitating M2-like microglia
polarization.”® Therefore, promoting the phenotypic transition from M1 to M2 is a promising strategy for maintaining
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BBB integrity and reducing secondary brain damage after ICH. This crosstalk between microglia and secondary brain
injury constitutes the core of regulating brain injury and repair post-ICH.

Microglial Polarization

During ICH development, the presence of exogenous hematoma and its degradation products (Hb, Heme, and iron)
provide a further boost for the activation of resident immune cells and infiltration of peripheral immune cells. The
polarization of microglia and its phagocytosis of erythrocytes have been considered as a significant contributor to the
clearance of both hematoma and cell debris (Figure 2).>’ If phagocytosis is not in a timely manner, erythrocytes will
undergo hemolysis itself, and the balance between the two processes is critical for local redox homeostasis. Accelerated
phagocytosis of erythrocytes and its degradation products is an effective strategy to ameliorate oxidative stress injury
mediated by hematoma.?? The recognition and phagocytosis of erythrocyte is carried out by CD36, a well-recognized
membrane protein located on the surface of microglia. Unphagocytised erythrocytes will haemolyze and release the toxic
degradation product hemoglobin to induce oxidative stress damage in response to complement activation, membrane
attack complex and mass effect.”*”> The released hemoglobin can be similarly phagocytosed by the glycoprotein of
CD163 through binding with haptoglobin. Free hemoglobin released from erythrolysis is further degraded, resulting in
the extracellular release of hemin. Hemin can specifically enter microglia via Low-density lipoprotein receptor-related
protein 1 (LRP1) in the form of a high-affinity complex of heme-hemopexin.**’® Extensive neuroprotective and
prognosis promoting effects have been demonstrated to be associated with the phagocytosis of these neurotoxins by
microglia. There are evidences that simvastatin, bexarotene, and wogonin can activate the peroxisome proliferator-
activated receptor-y (PPAR-y), and then enhance hematoma absorption through upregulating CD36 or CD163.” "
Impaired recycling of the pro-erythrophagocytic receptor CD36 was reported to negatively regulate the erythrophago-
cytosis of microglia.®® However, the effects of CD163 knockout on prognosis had displayed distinct temporal differences
during ICH, with early beneficial properties but delayed injurious effects.”'

Additionally, microglia can also detect the conformational changed CD47 protein on erythrocyte and regard it as an “eat me”
signal by the signal regulatory protein (SIRPa), and result to the phagocytosis of erythrocyte.** The intervention of CD47
blocking antibody had been found to be of great value in accelerating hematoma clearance and alleviating brain swelling and
neurological deficits.***** These authors also had verified their hypothesis that CD47 on erythrocyte may inhibit the polarization
of microglia towards the M2 phenotype after ICH, as demonstrated by the blood injection of CD47 knockout mice.*> Moreover,
SIRPa variants can promote hematoma clearance and ameliorate brain injury through blocking the CD47-SIRPa. interaction.®
The M2 phenotype of microglia induced by hematoma and its degradation products contribute significantly to hematoma
clearance and ICH recovery. Nevertheless, the proinflammatory effect associated with hematoma lysis still should not be ignored.
A recent study using spatial transcriptomics indicated that heme was a potent inflammatoxin, which can result in obvious
inflammation-related genes expression (eg, Ccl2 and IL-33) even in minimal doses of heme exposure (0.30 nmol). This harmful
transcriptional response can be completely suppressed by the co-administered of hemopexin.*® Hence, to prevent the subsequent
brain injury following ICH, exploring the regulation of microglial activation and polarization specifically directed towards
hematoma degradation products presents a promising avenue for further study.

Factors That Modulate Microglial Polarization

Crosstalk Between Microglia and Other Cells

The transition from pro-inflammatory to anti-inflammatory phenotype in hematomal microenvironment after ICH is not
only dependent on microglia but is also closely associated with the crosstalk of surrounding brain cells (eg, astrocyte,
oligodendrocyte, neurons) and multiple adaptive immune cells. The rapid activation of microglia is occurred in minutes
after ICH, followed by the infiltration of neutrophils and peripheral macrophages into the injury site in the following
hours to 1 day, which together constitute the inflammatory events after ICH. Many studies have now emphasized the
important regulatory role of neutrophils in ischaemic stroke. The importance of neutrophils post-ICH has also received
some attention.®” Recent systematic reviews have revealed that the high neutrophil-to-lymphocyte ratio is significantly
associated with the poor clinical outcomes of patients with ICH.*® The depletion of neutrophils has reduced the
infiltration of activated microglia/macrophages and decreased myelin fragmentation and axon damage.®® Another study
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found that microglia can promote neutrophils infiltration through releasing leukotriene B,.°° It can be seen that the
infiltration process of microglia and neutrophils into the perihematomal site has an influence on each other. After ICH,
neutrophils can be polarized towards the distinct pro- and anti-inflammatory phenotype based on the hematomal
microenvironment.”’ Microglia-derived interleukin-27 has the effect of suppressing the production of pro-
inflammatory products from neutrophils.”? Although few studies have focused on the regulatory role of neutrophils in
the inflammatory response after ICH, immunotherapy based on multiple immune cells crosstalk may be a valuable target
to address the inflammatory injury post-ICH according to the importance of neutrophils in cerebral ischaemic injury.
Astrocytes are another key cellular component of neuroinflammation. On the one hand, astrocytes can restrict the
entry of exogenous immune cells. On the other hand, astrocytes directly participate in the process of immune response.
Astrocytes have two different types of activation states: neurotoxic Al and neurotrophic A2. In general, the microglia-
derived TNF, complement Clq and IL-1a are recognized as the necessary and sufficient for the activation of neurotoxic
Al astrocytes. The reactive astrocytes-derived proinflammatory cytokines (IL-1f, IL-6, interferon-y, etc.) can further
mediate the neuroinflammation.”* Similar to the adaptive microglial phenotype, the conversion of Al to A2 astrocytes
exert neuroprotective functions by inhibiting inflammation after ICH.’* Moreover, the astrocytes-mediated proinflamma-
tory cytokine IL-15 upregulation has been revealed to activate the microglia toward a pro-inflammatory phenotype and
increase the release of CDS86, IL-1B, and TNF-a after ICH. Microglial depletion has effectively attenuated the

5.9 Neurons also contribute to the activation and function

augmentation of brain injury induced by astrocyte-derived IL-1
of microglia. Previous in vitro studies have confirmed that the neuron-derived fractalkine can chemoattract microglia via
the CX3CRI1 receptor, and the knockout of receptor is associated with decreased microglial migration and delayed
phagocytosis of synapses during development.”® The increasement of fractalkine in perihematoma post-ICH can

significantly promote the hematoma clearance and decrease hemoglobin content.””

Microglia Associated With Metabolic Changes After ICH

The CNS has long been regarded as a privileged metabolic niche isolated from the periphery by the BBB. Glucose is the
primary oxidative fuel and energy source for the brain during metabolic process, brain function and its normal activities highly
relies on the catabolism of glucose.”® Extensive research has been conducted to examine the precise contribution of brain
glucose metabolism in determining the physiological and pathological state of CNS, including the developing brain, traumatic
brain injury, Alzheimer’s disease, and other CNS diseases.” "' The metabolized dysfunction of unsaturated fatty acid was
also reported to be associated with neuropathology as well as cognitive performance in neurodegenerative disease.'®* This
section will explore the metabolic imbalance in the CNS after ICH and the microglial activation related metabolic changes.

The emerging field of immunometabolism has emphasized the intricated crosstalk between the immune responses and
metabolic pathways. This means that when immune cells transform into an activated state, their metabolic pathways will also
undergo alteration. Although lots of studies have investigated the important roles of immunity and the regulatory measures
after ICH, the direct evidence of correlation between immunity and metabolism remains relatively insufficient.'” Our previous
works have revealed the obvious enriched of metabolic pathways induced by mass effect as early as 6 hours after ICH through
proteomic analysis. The metabolic changes observed at early time points are consistent with the activation of microglia.>’-'*?
Therefore, this process of metabolic reprogramming is probably related to microglial activation and function. Another
quantitative proteomic analysis conducted with collagenase injected rats has revealed the meaningful role of dysregulated
energy metabolism based on nitrogen metabolism in ICH injury.'® Except for microglial alteration in the innate immune
system, the adaptive immune response cells of hematoma myeloid cells were also revealed an apparent expression of genes
encoding glycolysis and immune factors.'®> While the involvement of microglial metabolic reprogramming in neurodegen-
erative environment has been widely recognized, and some key molecular mechanisms including TREM2, PI3K-AKT-
mTOR, and AMPK.'% Consequently, the exploration of clinical data and mechanisms on microglia metabolism after ICH is
expected to provide some new evidence for clinical intervention.

These interactions between microglial activation and metabolic processes (such as glycolysis, lipid metabolism and
oxidation) have been elaborated in multiple CNS diseases, in which glycolysis has shown heavily implicated.'®” During
homeostasis, all major metabolic pathways in the brain typically display a basal level. Whereas the changed energetic
requirements after stress or activation will promote the immune cells to experience metabolic reprogramming. For
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example, the main metabolic pathway of microglia can transform into aerobic glycolysis from oxidative glycolysis in
neuroinflammatory condition, which is a pivotal step to adapt cytokine release and immune actions in the brain
(Figure 3).'°%'%% A recent publication based on positron emission tomography imaging revealed that the glucose
metabolism of ipsilateral brain apparently decreased in the early stage but increased during the late stage after ICH."'”
With the shift of metabolism from oxidative phosphorylation to aerobic glycolysis, activated microglia can result in the
apparent accumulation of a typical glycolytic product, that is lactate.''" Significantly elevated lactate levels have been
identified in both cerebrospinal fluid and serum following spontaneous ICH, which has been demonstrated to be
correlated with the poor prognosis.''*''* The increased glycolytic process resulting from microglial activation is
probably to induce an energy crisis for other nerve cells; however, neurons are more likely to prefer the molecular
basis of oxidative phosphorylation. The reduced glucose levels after ICH have also been found to have a negative
correlation with the lactate levels in cerebrospinal fluid.''*"'* Consequently, it is essential to consider potential risks and
avenues for prevention or intervention. Further investigation based on immunometabolism is expected to provide exciting
therapeutic targets and improve clinical outcomes. However, in addition to microglia, other neural cells also exist in the
microenvironment and interact with metabolites and various active substances. The regulation of metabolic pathways
based on targeting microglia is probably not a binary switch of black or white, and the extensive flux between pathways
needs to be exhaustively explored and evaluated.

Microglia and Microbiota Interaction

The bidirectional communication between brain and gut microbiome is mediated through a variety of pathways,
including immune system, nervous system and circulatory system. Multiple studies have highlighted the interaction
between microbiota-derived metabolites and the resident microglia in CNS involving microglial development, depres-
sion, Parkinson’s disease, stroke, as well as other neurodevelopmental and neurodegenerative diseases. !> 118
Microbiome and its derived metabolites, as the pivotal active substances of gut, are a crucial factor affecting neurode-
velopment and microglial function in the peripheral environment.

In the process of ICH, recent multi-omics studies revealed that the gut microbiome of ICH patients was obviously
differences from that of the healthy population, and the related metabolites were closely associated with the severity of
ICH."'" Subsequent research indicates that microbiota dysbiosis caused by ICH can in turn affect the neuroinflammation
and functional deficits of ICH through the immune mechanism (Figure 3).'? The transplantation of fecal microbiota
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Figure 3 Microglial activation is associated with the metabolic reprogramming and gut microbiota dysbiosis. In neuroinflammatory condition, the main immune pathway of
microglia can transform into aerobic glycolysis from oxidative glycolysis. The gut microbiota dysbiosis caused by microglial activation post-ICH can in turn affect the
neuroinflammation and functional deficits of ICH.
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from patients with post-stroke cognitive impairment to ischemia mice has revealed the central contribution of gut
microbiota in cognitive impairment through mediating inflammation-regulating metabolites.'?' Evidence also suggests
that microglial dysfunction in mice can be induced by microbiome-mediated disruption of intestinal barrier.'** A typical
example is the NLRP3 inflammasome, which is considered as an important linker between the brain and the gut. While
the NLRP3 inflammasome signal can modulate the composition of gut microbiota, the gut microbiota can trigger
neuroinflammatory response by activating the NLRP3 inflammasome.'?® The well-known anti-inflammatory agent
berberine has been revealed to mitigate neuroinflammation post-ICH in a gut microbiota-dependent manner.'** More
than that, microglial transcriptomes are more preferentially influenced by the deficiency of gut microbiome compared
with other nerve cells, which can be effectively reversed by microbial colonization.'*> Therefore, the regulating study
based on the interplay mechanism between microglia and the gut microbiome may be one of the effective strategies to
enhance the long-term prognosis after ICH.

Microglia Phagocytosis After ICH: The Gain and Loss

As mentioned above, numerous studies have investigated the essential role of M2-like microglia in the clearance of
pathological microenvironment after ICH. However, is there only a positive role to play in clearing the battlefield?
Whether there are some non-negligible negative effects will be further discussed in this section.

Phagocytosis is a natural metabolic process involving the cellular digestion of extracellular particles (such as cell
debris, dying cells or pathogens) into the phagocytic cells. In the perihematoma after ICH, the important role of
phagocytic cells in clearing exogenous hematoma and its degradation products (Hb, Heme, and iron) has been widely
recognized. These products can be specifically engulfed through the receptor proteins of CD36, CD163 and LRPI,
respectively.'?® In addition, many other specific phagocytic receptors and molecules associated with activating or
inhibiting microglial phagocytosis, including TLR4, CX3CR1, P2Y12 and SIRP, are also located on microglia. These
pathways have participated in various phagocytic processes.'?” Notably, microglia have also been claimed as an essential
coordinator for intricate bidirectional communication with other brain cells (neuron, oligodendrocyte and astrocyte)
during both homeostasis and disease. Microglia have been demonstrated to prune the presynaptic and postsynaptic inputs
to establish appropriate neuronal connectivity through phagocytosis, which can modify the excitatory and inhibitory
synaptic connection of neurons to regulate neural circuit connectivity and activity.'*® In addition to dead cells, the
microglia-neuron crosstalk under disease and inflammatory states may also involve the engulfing process of viable
synapses and neurons. The neuropathologic characteristics of a progressive loss of neurons with minimal dead or dying
cells in the neurodegenerative diseases suggest that brain tissue is probably removed alive by the phagocytes, such as
microglia, during disease process.”® Evidence has confirmed that microglia can mediate the synaptic stripping and
synaptic displacement of neurons in the LPS (a TLR4 agonist) induced neuroinflammation.'’

As for neurons in pathological conditions, they can be activated by subtoxic doses of glutamate or neurons with tau
aggregates, and then turn into ‘stressed-but-viable neurons’, which can be aberrantly removed via microglial phagocy-
tosis due to its inappropriate expression or release of phagocytic signalling (ie find-me signals, eat-me signals, and
don’t-eat-me signals).”® In particular, the concentration of perihematomal glutamate has been found upregulated
significantly after ICH."** This significantly increases the risk of stressed-but-viable neurons to be phagocytosed by
microglia.”> The ultrastructural pathology of brain tissues has demonstrated that there are many abnormal or lost
synapses in perihematoma after ICH.'*' Targeting the excessive microglial phagocytosis of these stressed neurons has
therefore been suggested as a promising measure to prevent neuronal loss and improve the long-term prognosis of ICH.
Especially for the stressed but viable neurons, delaying or inhibiting microglial phagocytosis may be more preventable
than neuronal death in acute phase. Although the regulation of neural phagocytosis during ICH has not been reported, the
evidence of benefit from related molecular regulation in other diseases may provide some reference, such as the
microglial P2Y¢ receptor knockout and the TMEM16F knockdown to inhibit phosphatidylserine expression.'**'*? It is
important to note that the critical role of microglia in other injury mechanisms must be carefully considered when
manipulating this process. Inhibition of microglial phagocytosis may somewhat hinder or even reverse its multiple
beneficial roles in repairment post-ICH, including lessening the erythrolysis and removing debris, inhibiting
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inflammation, promoting angiogenesis, and stimulating neurogenesis.'** Block the specific targets of microglia and
neurons associated with phagocytosis during distinct developmental phases of ICH is essential for precise regulation.

Therapeutic Opportunities Provided by Microglia

In addition to understanding the mechanisms of injury after ICH, the protection and repairment strategies are also an area
of extensively researched. Microenvironmental regulation and neural remodelling around hematoma are considered as
promising ways to reduce mortality and improve the long-term prognosis of ICH. For the improvement of microenvir-
onment, it is easy to think of the clearance of hematoma and its degradation products.'*>"'*® In addition, measures such as
inhibiting of inflammatory response, ferroptosis, and oxidative stress also can facilitate the survival of viable cells around
hematoma to some certain extent.>'*” Similarly, neural regeneration and neural network remodelling in the injured area
are also crucial for long-term prognosis post-stroke.'**'* It can be said that the ultimate goal of all research efforts is to
provide powerful conditions for the orderly survival and development of existing and migrating neuron cells.
Subsequently, we will further summarize the available opportunities based on microglia in the process of prognosis
improvement following ICH (Table 1). Studies of microglial regulatory strategies in this review with detailed information
on target, dose, delivery and outcome were included in Table 1, otherwise they were excluded.

Inhibition of Inflammatory Response
In the acute phase, multiple researches have explored the role of inhibiting the inflammatory response in ameliorating
ICH injury. Many animal experiments have demonstrated the feasibility of various interventions in inhibiting microglial
activation, reducing pro-inflammatory cytokines and improving long-term prognosis. While some evidence of deleterious
has also been found in early microglial depletion.'*® Suppression of inflammatory response is usually targeted by a series
of major aspects: first, inhibiting microglial activation; second, reducing the expression of inflammatory cytokines; and
third, promoting microglia from a pro-inflammatory to an anti-inflammatory phenotype. Among them, inhibiting the
activation of microglia has attracted multiple attention for long time. The physiological effect of minocycline on
microglial inhibitory and neuroprotective effects has been discovered as early as 20 years ago. Clinical trials based on
minocycline have evaluated its safety of application, but the neuroprotective and anti-inflammatory effects in ICH
patients are still unresolved.'* Microglia are the only cells in the brain that express the colony stimulating factor 1
receptor (CSFIR) and their proliferation depends on the activation of CSF1R. The treatment of CSF1R antagonist can
significantly inhibit the microglia proliferation, reduce the pro-inflammatory factors release, increase IL-10 production
and improve neurological function following ICH."*° It should be noted that there is a close crosstalk between microglia
and other cells in brain tissues. For example, the process of myelination is supported by microglial secreted factors that
can stimulate oligodendrocyte progenitor cells recruitment and differentiation. The white matter remyelination of CSF1-/-
mutant mice has been reported to be severely impaired.'>' Therefore, how to suppress the inflammatory response without
affecting the regenerative activation induced by pathological conditions as well as potential downstream effects is still
a problem to be solved. Several drugs have been demonstrated the effect of anti-inflammatory and neuroprotection in
preclinical studies, with a representative regulatory factor of PPAR-y pathway. The PPAR-y agonist rosiglitazone has
been shown to apparently upregulate the expression of phagocytosis-related genes such as CD36 and catalase, and
significantly reduce pro-inflammatory gene of TNF-q, IL-1B, MMP-9, iNOS expression.'** Many drugs targeting the
PPAR-y pathway have been revealed the function of suppressing inflammatory response and promoting hematoma
absorption.”””® Recent studies have suggested that the regulatory effects of other signalling pathways, such as the PI3K/
Akt pathway, the integrin aVBS/AMPK pathway, and the Sirt3/Nrf2/HO-1 signalling pathway, also can reduce the
inflammatory response in preclinical ICH models.'>* ">

Promoting the transformation of microglia phenotype from M1 to M2 can not only alleviate neuroinflammation but
also promote the clearance of hematoma. The regulation of the pattern recognition receptor Dectin-1 has been reported to
accelerate microglial polarization and functional recovery after ICH.'"*' Another interesting example is naltrexone.
Naltrexone, while promoting the transformation of inflammatory profile, also participates in the process of immunometa-
bolic reprogramming, which is accompanied by an apparent cellular metabolic shift from glycolysis to mitochondrial
oxidative phosphorylation in the LPS pre-treated microglial cells.'>> These are recent evidences of regulatory strategies
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Table | Summary of the Latest Microglial Regulatory Strategies Mentioned Within This Review for the Injury Repair After ICH

Intervention Target Species Modeling Dose Delivery Outcome Reference
(model) Approach
Bexarotene RXR/PPAR-y Mice (ICH) Autologous blood | 5 mg/kg Intraperitoneal Enhanced erythrophagocytosis, reduced hematoma volume, [77]
or collagenase improved neurological recovery
Wogonin PPAR-y Mice (ICH) Autologous blood | 20 mg/kg Intraperitoneal Upregulated Axl, MerTK, CD36, LAMP2 expression, promoted | [79]
hematoma clearance, improved neurological recovery
Rosiglitazone PPAR-y Mice (ICH) Autologous blood | 0.1 mg/kg Intraperitoneal Promoted hematoma absorption, upregulated CD36 and [140]
catalase expression, reduced pro-inflammatory gene expression
Laminaria Dectin-1/Syk/Card9/ | Mice (ICH) Autologous blood | 250 mg/kg Intraperitoneal Induced the shift of anti-inflammatory phenotype, alleviated [141]
NF-xB neurological dysfunction, facilitated hematoma clearance
Recombinant CD36 Mice (ICH) Collagenase 0.1 pg/mice Intranasal Accelerated hematoma clearance, improved neurologic [142]
IL-10 protein outcome
IL-4 NPs IL-4/STAT6/ST2 Mice (ICH) Autologous blood | 50 pg/kg Intranasal Facilitated hematoma resolution, improved long-term functional | [143]
or collagenase recovery
Vitamin D Multiple Mice (ICH) Autologous blood 1000 1U/kg Orally Promoted neurological recovery, facilitated hematoma [144]
or collagenase clearance, elevated the levels of CD36 and PPAR-y, accelerated
differentiation toward macrophages
Anti-CD47 CDA47/SIRP o Rat (IVH) Autologous blood 10pg/ml, final Intraventricular | Accelerated hematoma clearance, alleviated hemolysis and [84]
blocking antibody concentration hydrocephalus
in blood
Fractalkine CX3CRI/PPAR-y/ Mice (ICH) Collagenase 300 nm Lateral Improved hematoma absorption and neurological recovery [97]
CDI163/HO-1 ventricular
Dexmedetomidine | NF-«xB Rat (ICH) Collagenase 20 mg/kg Intraperitoneal Exerted neuroprotective effects, increased the numbers of [73]
surviving neurons, decreased brain water content, facilitated M2
polarization
rhCDNF Multiple Mice/rat Autologous blood | 5 pg/2 pl or Intraventricular | Accelerated hemorrhagic lesion resolution, reduced peri-focal [145]
(ICH) or collagenase 30ug or intravenous edema, improved neurological outcomes
H,S donor ADT CBS-H,S-complex | Mice (ICH) Autologous blood | 20 mg/kg Intraperitoneal Promoted microglial phagocytosis and hematoma resolution [146]
or collagenase
Ceria NPs Multiple Mice (ICH) Collagenase 0.5 mg/kg Intravenous Promoted remyelination and oligodendrocyte progenitor cell [147]

differentiation, increased mature oligodendrocytes

Abbreviations: ICH, intracerebral hemorrhage; RXR, retinoid X receptor; SIRP o, signal regulatory protein a; IVH, intraventricular hemorrhage; CDNF, cerebral dopamine neurotrophic factor; CBS, cystathionine B-synthase; NPs,

nanoparticles.
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regarding the inhibition of the inflammatory response, and clinical trials of these modulations have not been reported. For
clinical trials in neuroinflammatory after ICH, a novel small-molecule drug candidate (MWO01-6-189WH, MW 189) has
been highly expected. MW 189 has been preliminarily assessed for its safety and is currently being tested for the utility of
targeting neuroinflammation post-ICH.?® Collectively, these findings indicate that inhibition of the inflammatory response
has a significant positive impact on improving prognosis and also suggests that targeting immunometabolism may offer
resultful therapeutic strategies for ICH. Differential results in inhibiting microglial activation also suggest that this
intervention strategy is highly dependent on factors such as injury severity, treatment timing, target, and doses.

Hematoma Clearance

It is well known that the hematoma microenvironment suffers from hematoma and its degradation products over a long
period of time. Many clinical and preclinical strategies have been applied to remove these toxic substances. The role of
the protein CD163 and CD36 in hematoma clearance after ICH has been reported in many studies, and the pathways that
regulate the expression of these two proteins are precisely the hotspot of current preclinical research.'”'*® Here, we
mainly focus on how to manipulate microglia-related pathways to accelerate hematoma clearance (Figure 4). Erythrocyte
is the first target in phased hematoma removal. Currently, evidence suggests that targeted delivery of the anti-
inflammatory cytokine IL-10 to ICH-affected regions can effectively facilitate hematoma resolution, which is probably
related to the activation of STAT3 pathway and the upregulation of CD36 protein.'**'>” Intranasal delivery of IL-4
nanoparticles also can accelerate hematoma scavenging through enhancing the expression of phosphor-STAT6 in
microglia cells.'*® Vitamin D, on the other hand, has been reported to facilitate hematoma clearance via promoting
reparative macrophage differentiation and upregulating the levels of CD36 and PPAR-y in brain.'** The “don’t eat me”
signalling molecule CD47, which is located on the surface of the erythrocyte membrane and is closely associated with
phagocytosis, has also been the focus of research. Several approaches have been applied to block CD47 and promote
hematoma clearance, including CD47 knockout and CD47 blocking antibody.**'*® For hemoglobin derived from
hematoma, the scavenger receptor CD163 is the focus of attention. Neuron derived fractalkine can facilitate erythropha-
gocytosis by microglia in vitro through the CD163 and HO-1 pathways, and the serum fractalkine levels are positively
related with hematoma resolution in ICH patients.”” The antioxidant regulator of Nrf2 also plays an important role in the
process of microglial phagocytosis.'*® Intracerebroventricular administration of recombinant human cerebral dopamine

neurotrophic factor was found to upregulate the Nrf2-HO-1 pathway, promote the expression of early scavenger receptors

Vitamin D, Dopamine
LPS 4 Rosiglitazone =10 neurotrophic
factor

000¢ 00000099090000000¢ OOOOOOOOOOOOOooo.

099 000999922 )°°°°°°°°°°°°Oo
° 069%00660000d000666666 ?
0099 $6600060 006006 200
009%? 60 000000000 L 9 °°°°°°°°°OOO°° f2ne
o
0609 i
600° TLR4 °°°°O¢

(stata) (N2 )
|\ ‘
|

HO-1

Pro-inflammatory

Anti-inflammatory o
microglia

microglia

Figure 4 The intervention strategies targeting the microglial phenotypic transform post-ICH.
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CD36 and CDI163, and achieve beneficial effects in the collagenase-induced ICH animal model.'*> Additionally,
enhanced UCP2 activation based on gasotransmitter hydrogen sulfide-induced superoxide production has been demon-

strated to promote microglial continual phagocytosis of erythrocyte after ICH.'*

Understanding the regulatory pathway
associated with these scavenger receptors may provide an efficient avenue for hematoma resolution and therapeutic

intervention in ICH.

Remodeling Neural Network

Neural network remodeling is closely related to the long-term recovery of neurological function after ICH. The process
of neural regeneration including neurogenesis, axonal regeneration, oligodendrogenesis, and angiogenesis.'**!%
Microglial functional changes under stress are strongly associated with neuronal network activity and contribute to
pathological outcomes.'* The most direct instance is microglial knockout or depletion, which has displayed that
microglia can directly remodel synapses and increase neural circuit connectivity in the CNS with precise action.'>!?®
Compared to vehicle, early microglial CSFIR inhibition resulted in more genes enriched in synapse function and
dendritic spines in TBI, and improved neuronal maintenance and recovery.'®® Thus, the mechanism of neural network
remodelling in the damage state may be a pathological extension of synaptic pruning during development. The
proliferation and differentiation of oligodendrocytes, which are responsible for the myelination of neurons, are also
affected by microglia. Inhibition of microglial polarization and astrocyte alteration has been reported to promote
remyelination and oligodendrocyte progenitor cell differentiation after ICH.'*” Microglial activity and function also
can affect the angiogenesis in perihematoma. LPS activated microglia have been observed to facilitate the migration,
proliferation and angiogenesis of co-cultured retinal microvascular endothelial cells.'®' Microglia located perivascular of
endothelial cells can not only survey the influent blood-borne components into the CNS but also promote angiogenesis,
leukocyte extravasation, and BBB opening.'®* The latest analysis of single-transcripts of mice brains has revealed a new
microglial phenotype associated with angiogenesis post-ICH.'®> Some neuroprotective agents have been verified to
promote microglia phagocytosis and M2 polarisation, upregulate angiogenesis and functional recovery after ICH through
glycogen synthase kinase-33 (GSK-3p) inhibition.'®* Therefore, the microglia-based treatment strategy for ICH may
result from the combined action of multiple mechanisms, including inhibition of inflammatory response, improvement of
hematoma microenvironment, and promotion of neural network remodeling.

Conclusion
Emerging evidence has accomplished great advances in understanding the mechanisms behind microglial inflammatory
response associated with brain injury over the past few decades. It is becoming increasingly clear that the pro-
inflammatory and anti-inflammatory phenotypes of microglia are closely related to the secondary brain injury and repair
process after ICH, which is a key factor related to the prognosis of ICH. Different from the current conventional clinical
treatment of ICH, the regulatory of targeting microglial phenotype transformation provides a wider range of recovery
promotion strategies for the intervention research and clinical treatment post-ICH. Summarizing and reviewing the most
up-to-date progress in microglial function and brain damage and repairment following ICH can provide reference for the
future research directions. We highlight the significant therapeutic opportunities presented by microglia in their pro-
and anti-inflammatory response states. Targeting microglial phenotypic transformation can effectively inhibit the
inflammatory responses, promote hematoma clearance, and alleviate the secondary brain injuries. This synergistic
intervention of multiple injury mechanisms is of great significance for improving the prognosis of patients and promoting
clinical transformation.

Although several effective preclinical studies have been reviewed, achieving successful clinical translation remains
a challenge. There are still some open questions that impede a thorough understanding of microglial function, such as
when and how to modulate the switch in microglial roles for maximum clinical benefits. In the early stage of ICH, the
pathological state will spontaneously activate the body’s immune response and the neural repairment mechanism of
endogenous neural stem cells. Ultra-early immunosuppression will inhibit this spontaneous defense and repairment
process activated by injury. Therefore, identifying the diverse temporal and spatial changes in the immune cascade
mediated by microglia could be a crucial factor in contributing to the clinical prognosis of ICH. In addition, it should be
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noted that the existing preclinical evidences are mainly obtained from animal models established by the autologous blood
injection or collagenase injection. Actually, the pathogenesis of ICH involves complex risk factors, such as hypertension,
antithrombotics, diabetes, and heavy alcohol use. How these factors influence the course of immunotherapy all need to be
clarified. Moreover, to obtain the temporal and spatial information of immune activation and phenotypic transformation
in the real pathological environment post-ICH, the multi-omics research of human spontaneous ICH may provide a more
reliable basis.
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