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A B S T R A C T

Intracerebral hemorrhage (ICH) accounts for 10–15% of all strokes and is associated with high mortality

and morbidity. Currently, no effective medical treatment is available to improve functional outcomes in

patients with ICH. Potential therapies targeting secondary brain injury are arousing a great deal of

interest in translational studies. Increasing evidence has shown that inflammation is the key contributor

of ICH-induced secondary brain injury. Inflammation progresses in response to various stimuli produced

after ICH. Hematoma components initiate inflammatory signaling via activation of microglia,

subsequently releasing proinflammatory cytokines and chemokines to attract peripheral inflammatory

infiltration. Hemoglobin (Hb), heme, and iron released after red blood cell lysis aggravate ICH-induced

inflammatory injury. Danger associated molecular patterns such as high mobility group box 1 protein,

released from damaged or dead cells, trigger inflammation in the late stage of ICH. Preclinical studies

have identified inflammatory signaling pathways that are involved in microglial activation, leukocyte

infiltration, toll-like receptor (TLR) activation, and danger associated molecular pattern regulation in

ICH. Recent advances in understanding the pathogenesis of ICH-induced inflammatory injury have

facilitated the identification of several novel therapeutic targets for the treatment of ICH. This review

summarizes recent progress concerning the mechanisms underlying ICH-induced inflammation. We

focus on the inflammatory signaling pathways involved in microglial activation and TLR signaling, and

explore potential therapeutic interventions by targeting the removal of hematoma components and

inhibition of TLR signaling.

� 2013 Published by Elsevier Ltd.
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12

13 1. Introduction

14 Intracerebral hemorrhage (ICH) occurs when a diseased blood
15 vessel ruptures, allowing blood to leak into the surrounding brain.
16 ICH accounts for 10–15% of all strokes and is associated with high
17 mortality and morbidity (Flower and Smith, 2011; Hwang et al.,
18 2011; Mayer and Rincon, 2005). It has been reported that the fatality
19 rate of ICH at 1 month is approximately 40%, which has not changed
20 over the past twenty years (van Asch et al., 2010). This high rate of
21 mortality and morbidity likely results from a lack of effective
22 treatment options to improve a patient’s survival following ICH,
23 since standard management is limited to primarily supportive
24 therapies such as control of intracranial pressure, treatment of brain
25 edema, and maintenance of hemodynamic stability (Flower and
26 Smith, 2011; Hwang et al., 2011; Mayer and Rincon, 2005; Xi et al.,
27 2006). With an increasing elderly population, the incidence of ICH is
28 expected to increase (van Asch et al., 2010). Thus, understanding the
29 mechanisms underlying ICH and identification of novel therapeutic
30 targets are of paramount interest to researchers in the development
31 of new medical therapies for ICH.

32 1.1. ICH types

33 Depending on the underlying cause of hemorrhage, ICH is
34 classified as primary or secondary (Mayer and Rincon, 2005).
35 Primary ICH develops without any underlying vascular malforma-
36 tion or coagulopathy. Secondary ICH usually results from trauma,
37 tumors, vascular malformation, coagulation, or use of thrombolytic
38 agents (Mayer and Rincon, 2005; Wang and Dore, 2007a; Wang,
39 2010). Primary ICH occurs more often than secondary ICH. The
40 most common causes of primary ICH are hypertensive arterioscle-
41 rosis and cerebral amyloid angiopathy, accounting for approxi-
42 mately 80% of primary ICH cases (Mayer and Rincon, 2005;
43 Sutherland and Auer, 2006). No matter the cause, ICH can induce
44 primary brain injury caused by the hemorrhage and growth of the
45 hematoma, and secondary brain injury caused by physiological
46 and pathological response to the hematoma. Thus, therapeutic
47 strategies have been developed to target primary and secondary
48 brain injury following ICH (Aronowski and Hall, 2005; Keep et al.,
49 2012).

50 1.2. Primary and secondary brain injury after ICH

51 Primary brain injury caused by ICH occurs within the first few
52 hours after the onset of bleeding and is mainly due to hematoma

53formation, which causes mechanical damage to adjacent tissues
54(Keep et al., 2012; Xi et al., 2006). The key factors that determine
55ICH outcome are hemorrhagic volume and hematoma expansion.
56Large hemorrhage is associated with poor prognosis, and patients
57often die when the hemorrhagic volume exceeds 150 ml (Broder-
58ick et al., 1993; Xi et al., 2006). Hematoma expansion contributes to
59midline shift and is associated with poor outcomes (Dowlatshahi
60et al., 2011; Zazulia et al., 1999). Because hematoma size is
61important for determination of ICH outcome, early removal of the
62hematoma and prevention of hematoma expansion are potential
63therapeutic targets. However, the Surgical Trial in Intracerebral
64Hemorrhage (STICH) has failed to provide convincing evidence to
65support the efficacy of early surgical removal of hematomas
66(Mendelow et al., 2005). Furthermore, recombinant activated
67factor VII significantly reduced hematoma growth but does not
68improve survival or functional outcomes in patients with ICH
69(Mayer et al., 2008). Because the optimal therapy for treating ICH-
70induced primary injury has not yielded conclusive benefits in
71clinical trials thus far, researchers have focused instead on the
72mechanisms underlying ICH-induced secondary injury in search
73for novel therapeutic targets for ICH.
74Secondary injury plays a critical role in neurological deteriora-
75tion in patients with ICH (Babu et al., 2012; Elliott and Smith,
762010). Secondary damage following ICH is triggered by the
77presence of intraparenchymal blood, which subsequently activates
78cytotoxic, excitotoxic, oxidative, and inflammatory pathways
79(Aronowski and Zhao, 2011; Felberg et al., 2002; Huang et al.,
802002; Lee et al., 1997). Blood components, such as red blood cells
81(RBCs), coagulation factors, complement components, and immu-
82noglobulins, contribute to ICH-induced secondary injury (Aro-
83nowski and Zhao, 2011; Babu et al., 2012; Xi et al., 2006). For
84example, thrombin, a serine protease, activates cytotoxic, excito-
85toxic, and inflammatory pathways, leading to edema formation
86and blood–brain barrier (BBB) damage in early brain injury
87following ICH (Aronowski and Zhao, 2011; Babu et al., 2012; Sharp
88et al., 2008). Hemoglobin (Hb) released from RBCs promotes the
89generation of free radicals that cause oxidative damage, resulting
90in death of the surrounding cells (Aronowski and Zhao, 2011; Babu
91et al., 2012; Nakamura et al., 2005b; Wagner et al., 2002). Hemin,
92the oxidative form of heme, induces brain injury via the release of
93excessive iron, depletion of glutathione, and production of free
94radicals (reviewed in Babu et al., 2012; Robinson et al., 2009). Many
95neuroprotective agents such as antioxidant drugs, anti-inflamma-
96tory drugs, thrombin inhibitors, and cytotoxic drugs have shown
97promise in preclinical studies, but their efficacy has not been
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