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Abstract
Intracerebral hemorrhage (ICH) is a subtype of stroke with high incidence rate and 
mortality. The pathogenesis of ICH involves primary brain injury and secondary 
brain injury. Unfortunately, no approved treatment options and therapies targeting 
them have shown satisfactory outcomes. Microglia are resident innate immune 
cells with phagocytic function in the central nervous system that rapidly respond 
to brain injury. Recent research has indicated that reactive microglia with enhanced 
phagocytosis reprogrammed by the interleukin 10 (IL-10) signaling pathway are 
critical for endogenous hematoma clearance. In this review, we first summarize 
the progress of microglial activation and function after ICH, focusing on specific 
microglial markers, pro-  and anti-inflammatory molecules, as well as phenotypic 
and functional changes. The available evidence supports that microglia play a dual 
role after ICH. Second, we summarize the results of previous studies on hematoma 
clearance, focusing on reactive microglia in clearing hematoma through endogenous 
pathways reprogrammed by IL-10 or other molecules and necessitating the prospect 
of further research in this field. This review will help us better understand the role of 
reactive microglia in hematoma clearance and identify potential therapeutic targets 
to facilitate translational research in this direction.

Keywords: Intracerebral hemorrhage; Microglial/microphage; Inflammation; Anti-
inflammation; Interleukin 10; Phagocytosis

1. Introduction
Intracerebral hemorrhage (ICH) is caused by blood leaking into the brain parenchyma 
due to rupture of the small cerebral artery or the cerebral arterial[1]. For 10 – 15% of stroke 
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cases worldwide, ICH affects approximately 2 million 
people annually, and more than 50% of spontaneous ICH 
cases occur in the basal ganglia[2-5]. With around 40% of 
patients dying within 30  days after initial ictus, ICH has 
the highest mortality among all strokes, resulting in 
enormous disease and social burden[6,7]. The treatment of 
ICH mainly focuses on supporting therapy and managing 
both symptoms and complications. Unfortunately, there is 
still no approved treatment for ICH[8,9].

ICH leads to primary and secondary brain injury[10]. 
Within the first hour following blood vessel rupture, 
hematoma forms, and expands with a resulting mass 
effect, leading to primary brain injury[8,11]. In contrast, the 
blood degradation products released from the hematoma, 
microglial/macrophage activation with the release of 
pro-inflammatory molecules, and infiltrated blood 
immunocytes all contribute to secondary brain injury 
after ICH[12-14]. Consequently, hematoma removal is a 
potential treatment option to prevent secondary injury 
cascades. However, surgical removal of the hematoma 
has not shown to significantly increase the survival rate 
of patients or promote the neurological recovery of 
survivors[15].

Treatment with potential neuroprotective agents 
identified to protect against secondary injury has not 
produced satisfactory functional recovery in patients with 
ICH[16]. We aim to summarize the progress of microglial 
activation and function after ICH by highlighting the 
dual role of microglia and microglial-specific markers 
since it can be targeted to mitigate secondary brain injury 
and improve brain repair and recovery. Furthermore, 
we outline the time course of changes in the molecular 
markers of microglia activation after ICH and emphasize 
the phagocytic function of microglia. Finally, we discuss 
the underlying mechanism of hematoma clearance by 
microglia after ICH. This review will help us better 
understand the role of microglia in hematoma clearance 
after ICH and identify potential therapeutic targets to 
facilitate translational research in this direction.

2. Literature search strategy and selection 
criteria
For this review, we searched PubMed for articles published 
between April 19, 2016, and January 6, 2023, using the 
terms “ICH,” “inflammation,” “hematoma clearance,” 
“Microglial/macrophage,” “Anti-inflammation,” “IL-10,” 
“phagocytosis,” and “molecular markers.” We used English 
search words and included papers published with English 
abstracts. We selected articles describing microglial 
activation and function as well as hematoma clearance 
mechanisms after ICH.

3. Microglia and macrophage activation 
and function after ICH
Microglia, as resident innate immune cells in the central 
nervous system (CNS) with the ability to phagocytose, are 
the first responders to brain injury, and they constitute 
5%–20% of all glial cells in the adult human brain[17]. 
In the past, activated microglia and macrophages were 
commonly grouped as microglia/macrophages (MMΦ) as 
it was difficult to differentiate them by immunohistology[18]. 
However, in recent years, with flow cytometry, microglia 
can be identified by the CD11b+CD45int phenotype, while 
monocyte-derived macrophages can be identified by the 
CD11b+CD45highF4/80+Ly6c-  phenotype[19-21]. Microglia 
are amoeba-like cells that can migrate to the damaged 
site and activate when pathological changes disrupt brain 
homeostasis[22,23]. After microglial activation, monocyte-
derived macrophages infiltrate the perihematomal 
region[20,24,25]. Established anti-inflammatory markers 
increase on day 1, with a significant increase on day 3, 
and a further increase on day 7[19]. Hemorrhagic injury to 
the brain contributes to prominent microglial activation, 
characterized by increased ionized calcium-binding 
adaptor molecule 1 (Iba1) and CD11b expression as well as 
thick and short cell processes[26].

Microglia are highly diverse and have dual effect on 
the brain during inflammation. Through transcriptome 
analysis, surveillant microglia, homeostasis-associated 
microglia, axon-associated microglia, highly activated 
microglia, synapse-associated microglia, and virus-
associated microglia have been identified in the 
CNS[27-29]. Clinical and preclinical studies have shown 
that there is microglial heterogeneity across specific brain 
regions in terms of morphology, density, gene expression, 
and proliferation. Although it is not fully understood, 
evidence has indicated that microglia play a unique role 
in different brain regions[30]. However, two microglial 
activation states, which include the pro-  and anti-
inflammatory phenotypes, still predominate in stroke and 
ICH[26]. Although recent studies have shown that microglial 
activation states are much more complex than these two 
phenotypes, we can use these two terms for convenience 
of description[31]. However, we suggest focusing more on 
microglial function than on phenotype alone.

The molecular markers identifying the pro-
inflammatory phenotype include inducible nitric oxide 
synthase (iNOS), CD68, CD16/32, and CD86, while 
arginase 1 (ARG1), CD206, CD163, FIZZ1, YM1, and 
CD36 are the molecular markers that characterize the 
anti-inflammatory phenotype after ICH[26]. Very recent 
research has shown that transmembrane protein 119 
(TMEM119), Fc receptor-like S (FCRLS), olfactomedin-
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like 3 (OLFML3), sialic acid-binding immunoglobulin-
like lectin H (Siglec-H), and G protein-coupled receptor 
34 (GPR34) are specific markers of stably expressed 
microglia[32-34]. CD163 and CD44 are general markers 
of monocyte-derived macrophages that infiltrate the 
brain, contributing to functional recovery after ICH[34-36]. 
Through transmission electron microscopy, reactive 
phagocytic microglia are identified in the ICH brain, which 
can phagocytose erythrocytes and necrotic neurons[37]. 
Microglial phagocytosis markers include CD68, triggering 
receptor expressed on myeloid cells 2 (TREM2), galectin-3 
(GAL-3), and CD11c[38]. More research on these markers 
and their role in the pathogenesis of ICH can generate 
exciting new findings, such as ICH outcome improvement 
by inhibiting the expression of pro-inflammatory 
markers[26].

Depending on the different phenotypes, microglia 
play a role in brain injury or repair after ICH[26]. The 
nuclear factor kappa B signaling pathway regulates the 
expression of pro-inflammatory mediators in activated 
microglia[22,25,39]. Pro-inflammatory microglia produce pro-
inflammatory cytokines, such as IL-12, IL-1β, IL-6, tumor 
necrosis factor alpha (TNF-α), nitric oxide (NO), and 
reactive oxygen species (ROS), that contribute to blood-
brain barrier (BBB) rupture and edema formation after 
ICH[10,26,40,41]. In contrast, signal transducer and activator of 
transcription 6 (STAT6) accumulates in response to IL-4 
and promotes anti-inflammatory microglial phenotypic 
transformation[26]. Microglia of the anti-inflammatory 
phenotype produce anti-inflammatory cytokines, such 
as transforming growth factor beta (TGF-β), IL-4, IL-10, 
IL-13, extracellular matrix proteins, glucocorticoids, 
and growth factors[22]. Since these cytokines exhibit anti-
inflammatory and neuroprotective properties, they protect 
the BBB and promote brain repair. Due to their ability to 
switch between pro-inflammatory and anti-inflammatory 
phenotypes, activated microglia can regulate the immune 
response according to the microenvironment[23]. Research 
has shown that microglial activation occurs within 1  h 
after the onset of ICH[42], with upregulated expression of 
pro-inflammatory cytokines, such as iNOS, IL-6, TNF, and 
IL-1 β, in the first 3 days, followed by a rapid decrease[7]. 
Furthermore, markers of the anti-inflammatory phenotype, 
such as IL-10, ARG1, CD206, CD163, and YM1, begin to 
rise on day 1 after ICH, with a change in phenotype from 
pro-inflammatory to anti-inflammatory in the first 7 days. 
From days 7–14, the anti-inflammatory cytokine TGF-β 
is upregulated, while the levels of most pro-inflammatory 
cytokines return to baseline on day 14 (Table  1)[26]. In 
summary, there is a change in microglial phenotype from 
the pro-inflammatory phenotype in the acute stage to a 
mixed phenotype in the subacute stage of ICH. Eventually, 

anti-inflammatory markers predominate at the injury site 
in the chronic stage of ICH (Figure 1)[43].

In early 2003, we reported for the first time that 
microglial activation contributes to endogenous hematoma 
clearance after ICH[44]. Our recent study has demonstrated 
that improving microglial and macrophage alternative 
activation contributes to hematoma absorption and better 
neurological function, as demonstrated in the hindlimb 
adduction test, the corner turn test, and the forelimb 
placing test[8]. In addition, microglia promote cell debris 
and hematoma clearance and reduce harmful cytokine 
production during activation through phenotypic changes 
in the subacute and chronic stages to reduce brain injury and 
promote functional recovery after ICH[11,18]. Furthermore, 
the cytokines TNF- α, IL-4, IL-6, and IL-10 can reprogram 
microglia toward a phagocytic phenotype with improved 
phagocytosis for hematoma clearance[26,38,45].

4. Hematoma clearance by reactive 
microglia: Role of IL-10-mediated pathway
Previous research has identified certain drugs or molecules 
that can promote the clearance of hematoma, including 
Vitamin D, which can stimulate microglia/macrophage 
proliferation and differentiation; IL-4, which improves 
STAT6 activation; low-density lipoprotein receptor-1 
(LRP1), which promotes heme scavenging through binding 
to hemopexin-heme complexes; and IL-10, peroxisome 
proliferator-activated receptor gamma (PPAR-γ), and 
nuclear factor-erythroid 2 p45-related factor 2 (NRF2), 
which upregulate CD36 expression[46-49]. Furthermore, 
fractalkine (FKN) promotes hematoma absorption 
through the PPAR-γ/CD163/hemeoxygenase-1 (HO-
1) signaling pathway in microglia, while PPAR-γ plays a 
protective role through the haptoglobin (HP)-hemoglobin 
(Hb)-CD163 pathway[50,51]. Other strategies that may also 
be promising for hematoma clearance include the CD47-
blocking antibody, pulsed electromagnetic field (PEMF) 
therapy, intranasal IL-4 treatment, exogenous sulforaphane 
administration that can activate NRF2, and treatment with 
plasma kallikrein inhibitor (aprotinin) and PPAR-γ agonist, 
such as monascin, rosiglitazone, and pioglitazone[46,49,51-54]. 
The phase 2 clinical trial on pioglitazone for hematoma 
resolution (ClinicalTrials.gov Identifier: NCT00827892) 
was completed in 2013 but has not released the final 
report to date, probably due to negative result. Hence, 
researchers are now focusing on signaling pathways other 
than those involving PPAR-γ, such as IL-10, a critical anti-
inflammatory cytokine that could contribute to hematoma 
clearance. Therefore, studying the role and mechanism 
of action of microglial IL-10 signaling can help identify 
new and promising therapeutic strategies for hematoma 
clearance after ICH.
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IL-10, a critical modulator of glial activation, is secreted 
by monocyte-derived macrophages, resident microglia, and 
regulatory T cells (Tregs) in the CNS. The IL-10 secreted by 
macrophages inhibits the activation of adjacent macrophages 
and the production of pro-inflammatory cytokines. Tregs 
control immune homeostasis, suppress pro-inflammatory 
function, and promote their own immune activity through 
IL-10 production[55]. Our recent research focuses on the 
IL-10 released by microglia, which maintains the balance 
between pro-  and anti-inflammatory cytokine levels[11,23]. 
In a mouse brain affected by ICH, IL-10 increased on day 
1, peaked on day 7, and returned to baseline 14 days after 
ictus[45]. IL-10-induced alternative microglial activation is 
a primary protective mechanism that modulates microglial 
phagocytosis and accelerates hematoma clearance[8,26].

Furthermore, our research has demonstrated that IL-10 
increases the level and accumulation of phosphorylated 
STAT3 in the nucleus of Hb-treated primary microglia[45]. 
The IL-10 signaling pathway activates STAT3, promotes 
CD36 transcription and translation, and strengthens 
microglial phagocytosis, leading to enhanced hematoma 

clearance[45]. However, we should identify the downstream 
target molecules of CD36 in this signaling pathway.

Exogenous administered IL-10 can inhibit apoptosis in 
brain tissues around the hematoma after ICH by inhibiting 
the expression of nerve growth factor precursor (proNGF) 
and p75NTR, increasing the level of B-cell lymphoma 2 
(BCL2), and decreasing the level of BCL-2-associated X 
protein (BAX), thus exerting neuroprotective effects[56]. 
However, we have used transmission electron microscopy 
and revealed that ferroptosis, rather than apoptosis, is the 
primary form of cell death after ICH[37,57]. Therefore, whether 
endogenous and exogenous IL-10 can inhibit ferroptosis 
after ICH remains unknown from a scientific standpoint.

In our recent study, we investigated the role of IL-10 in 
phagocytosis and hematoma clearance using hippocampal 
slice cultures and a mouse ICH model, respectively[45]. Our 
data showed that in slice cultures, exposure to hemoglobin 
increases the level of IL-10 in microglia and improves 
phagocytosis dependent on the expression of CD36 
regulated by IL-10. After ICH, IL-10 knockout mice showed 
increased iron deposition, inflammation, brain edema, and 

Table 1. Time course of changes in microglia and macrophage activation markers after intracerebral hemorrhage

Type Specific 
markers

Flow cytometry phenotype Immunostaining 
phenotype

Molecular 
markers

Cytokines 
released in serum

Time course with activation 
status

Microglia TMEM119
FCRLS
OLFML3
Siglec-H
GPR34[32-34]

CD11b+CD45int[19,20] Pro-inflammatory 
phenotype

CD16/32
CD86
iNOS

Pro-inflammatory 
cytokines: TNF-α, 
IL-6, IL-12, IL1-β, 
and NO

Microglia are activated within 
1 h[42].
Multiple pro-inflammatory 
factors are released in the first 
3 days and decrease after 3 
days[24].
Most pro-inflammatory 
cytokines return to baseline 
level on day 14.

Anti-inflammatory 
phenotype

CD206
ARG1
CD36
YM1
FIZZ1

Anti-inflammatory 
cytokines: TGF-β, 
IL-4, IL-10, IL-13, 
and various growth 
factors 

Anti-inflammatory markers 
increase on day 1.
The pro-inflammatory 
phenotype changes to the anti-
inflammatory phenotype in the 
first 7 days.
Predominance: alternative 
activation phenotype[43].

Macrophages CD163
CD44[34-36]

CD11b+CD45highF4/80+Ly6c[19-21] Pro-inflammatory 
phenotype

Pro-inflammatory 
cytokines: TNF-α, 
IL-1, IL-6, IL-8, 
and IL-12

Infiltration of the 
perihematomal and hematoma 
regions after microglia 
activation[24].

Anti-inflammatory 
phenotype

Anti-inflammatory 
cytokines: TGF-β 
and IL-10

Polarization markers increase 
on day 1 with a significant 
increase on day 3 and a further 
increase on day 7[19].

ARG1: Arginase 1; FCRLS: Fc receptor-like S; GPR34: G protein-coupled receptor 34; ICH: Intracerebral hemorrhage; IL-10: Interleukin 10; 
iNOS: inducible nitric oxide synthase; MMΦ: Microglia/macrophages; NO: Nitric oxide; OLFML3: Olfactomedin-like 3; Siglec-H: Sialic acid binding 
immunoglobulin-like lectin H; TGF-β: Transforming growth factor beta; TMEM119: Transmembrane protein 119; TNF-α: Tumor necrosis factor alpha
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neurologic deficits related to delayed hematoma clearance. 
However, 2 h after ICH, daily intranasal administration of 
mouse recombinant IL-10 improved hematoma clearance 
and mitigated neurologic deficits. In addition, IL-10-
deficient mice had decreased phagocytic capacity due to 
low microglial CD36 levels, and IL-10 deficiency markedly 
increased monocyte-derived macrophage infiltration and 
brain inflammation. From these results, we concluded that 
IL-10 improves microglial phagocytosis and monocyte-
derived macrophage infiltration and CD36 plays a crucial 
role as a phagocytosis effector regulated by IL-10 after 
ICH[45].

IL-10 may enhance microglial phagocytosis by 
upregulating the expression of CD68, GAL-3, CD11, and 
microglial phagocytic receptors, including TREM2, in the 
aged brain[38,58]. However, no studies have explored their 
role in ICH models, particularly in clearing hematoma. 
However, a clinical study has shown that, compared to 
patients with unfavorable outcome, patients with favorable 
outcome had significantly higher serum and hematoma 
IL-10 levels. At the same time, binary logistic analysis 
has revealed that increased IL-10 levels in serum and 
hematoma were associated with favorable outcome in 
patients with ICH on day 90[59]. Combined with evidence 

Figure 1. Intracerebral hemorrhage (ICH)-induced brain injury and microglial and macrophage activation. (A) ICH is caused by the rupture of small 
arterial. The subsequent formation and expansion of hematoma and the mass effect lead to primary brain injury, which initiates the release of blood 
components and innate immune responses, resulting in secondary brain injury. (B) There are two activation states of microglia/macrophages (MMΦ): 
pro-inflammatory phenotype (ionized calcium-binding adaptor molecule 1 [Iba1+] and CD16/32+) and anti-inflammatory phenotype (Iba1+, CD206+, 
CD36+, and triggering receptor expressed on myeloid cells 2 [TREM2+]). Pro-inflammatory microglia release cytokines such as tumor necrosis factor 
alpha, interleukin 6 (IL-6), IL-12, and IL-1β, while anti-inflammatory microglia release transforming growth factor beta, IL-4, IL-10, and IL-13. Although 
CD68+, TREM2+, galectin-3 [GAL-3+], and CD11c+ have been found to be expressed by reactive phagocytic microglia in the aged brain, only a few studies 
have explored phagocytic microglial markers in the ICH brain. After ICH, there is a change in microglial phenotype from the pro-inflammatory phenotype 
in the acute phase to a broad spectrum of phenotypes in the subacute stage. Ultimately, the anti-inflammatory phenotype predominates at the injury site 
in the chronic stage of ICH (TREM2+?: the role of TREM2 in hematoma clearance is unknown). 

A

B
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from other translational studies on brain injury[58], 
increasing IL-10 signaling may be a promising therapeutic 
strategy to optimize the microenvironment, promote 
hematoma clearance, and improve neurological outcomes.

5. Conclusions and perspectives
Rapid microglia activation occurs following ICH, exhibiting 
predominantly pro-inflammatory, anti-inflammatory, or 
mixed phenotypes at different stages of the pathological 
process. The different phenotypes of microglia have distinct 
biological functions and molecular markers and can release 
various cytokines/chemokines, which play a dual role in 
ICH brain. Due to the heterogeneity of microglia, future 
research should focus on function rather than phenotype.

In microglia, IL-10 signaling promotes their transition 
from pro-inflammatory to anti-inflammatory phenotype, 
upregulates CD36 expression, increases phagocytosis, 
enhances hematoma clearance, and inhibits cell death in brain 
tissues around the hematoma, all of which are conducive to 
brain repair. Our review outlines the activation and function 
of microglia, specific markers, and the drugs or molecules that 
can enhance hematoma clearance as well as summarizes the 
results of recent research on signaling pathways that promote 
hematoma clearance, in particular, the IL-10-mediated 
pathway. However, knowledge gaps remain to be filled, such 
as whether CD68, TREM2, GAL-3, and CD11c play a role in 
hematoma clearance, whether IL-10 can inhibit ferroptosis 
after ICH, etc. Although increasing IL-10 signaling may be a 
promising therapeutic strategy for hematoma clearance, we 
need additional data from both preclinical and clinical studies 
to support the potential of its clinical translation.
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