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Abstract: Hemorrhagic stroke is a disease with high incidence and mortality rates. In addition to the 
mass lesions that result from hemorrhagic stroke, substances such as the blood-derived products (BDP) (hemoglobin (Hb), 
heme and iron) induce a potent inflammatory response and exert direct toxic effects on neurons, astrocytes, and microglia. 
In the present review, we discuss the mechanisms of brain injury secondary to hemorrhagic stroke, focusing on the 
involvement of BDP as major players of cellular redox imbalance, inflammation, and glutamate excitotoxicity. Potential 
natural mechanisms of protection against free Hb and heme such as haptoglobin and hemopexin, respectively, are 
highlighted. We finally discuss the experimental and clinical trials targeting free iron and heme scavenging as well as 
inflammation, as potential new therapies to minimize the devastating effects of hemorrhagic stroke on brain structure and 
function. 
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INTRODUCTION 

 Each year, 795,000 people have strokes in the United 
States, or 1 person every 40 seconds, on average. These 
incidents account for approximately 103,000 cases of 
hemorrhagic stroke each year in the United States and 2 
million cases worldwide [1]. Intracerebral hemorrhage (ICH) 
is a deadly disease, with an estimated mortality rate of 
approximately 40% within one month following an event, 
and only 12-39% of the survivors can perform activities of 
daily living at the time of hospital discharge [1]. Ten years 
following the first stroke, only approximately 24% of 
patients will still be alive [2]. In the coming years, ICH cases 
are expected to grow, due to the aging of the population and 
the increasing use of anticoagulants and thrombolytics, 
which currently accounts for 20% of brain hemorrhage  
cases in the United States [3]. Thus, understanding the 
pathophysiology of brain injury after ICH is of pivotal 
importance for developing new therapeutic approaches that 
can reduce these high morbidity and mortality rates. 

 The pathophysiology of ICH is very complex and begins 
with a massive release of blood within the brain parenchyma, 
after which red blood cell (RBC) lysis begins almost 
immediately, releasing hemoglobin (Hb), heme, and iron into  
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the central nervous system (CNS). Increased plasmatic levels 
of heme, as well as decrease in the content of the major heme 
binding protein in plasma, hemopexin (Hx), have already 
been associated with increased mortality in severe sepsis [4], 
and to the severe systemic manifestations of malaria [5]. 
Also, the involvement of iron as a major component in 
neurodegenerative diseases, such as Alzheimer and 
Parkinson’s [6] has been increasingly demonstrated. In brain 
hemorrhage, many experimental studies have clarified the 
toxic effects of heme and iron upon brain tissue and some 
pre-clinical trials have investigated the potential effect of 
iron chelation, increased antioxidant defenses, and anti-
inflammatory therapies as potential new approaches to 
minimizing the devastating outcome of hemorrhagic stroke. 
In the present manuscript, we review the mechanisms of  
ICH brain injury secondary to BDP release within brain 
parenchyma, the protective systems against blood-derived 
brain injury, as well as the experimental studies and clinical 
trialswhich investigated the reduction of BDP-related 
toxicity to the CNS. 

MECHANISMS OF BRAIN INJURY 

The Blood-Derived Products (BDP) 

 Some studies have implicated blood-derived products 
(BDP) such as Hb, heme, and iron as key mediators of brain 
injury. Erythrocyte lysis occurs within minutes and continues 
for several days following hematoma formation, releasing BDP 
into the brain parenchyma [7-9]. Once in the extracellular 
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milieu, Hb is eventually digested by still poorly understood 
mechanisms, releasing heme, which is further degraded into 
biliverdin, carbon monoxide, and iron by heme oxygenases 
(HO). Hb, heme and iron are potent cytotoxic BDP [10] that, 
through a wide array of mechanisms, boost the inflammatory 
response [10] and promote protein, nucleic acid, carbo- 
hydrate, and lipid oxidation, disrupting cell signaling and 
causing ultimately cell death. The myriad of cellular effects 
caused by BDP, and their consequences, are briefly 
summarized in Fig. 1 [11, 12, 14]. 

 Several lines of evidence converge to the fact that BDP 
play a central role on the pathogenesis of ICH-associated 
injury. For example, infusion of packed erythrocytes induced 
edema and caused neurological deficits several days 
following injury, which suggests a role for erythrocyte lysis 
in delayed brain damage [13]. In line with these evidences, 
infusion of lysed erythrocytes results in brain edema, blood-
brain barrier (BBB) disruption, and DNA injury as early as 
24 h, strengthening the concept that BDP exert toxic effects in 
the CNS [14, 15]. Indeed, free Hb is not only a pro-oxidant 
molecule, generating highly reactive hydroxyl radicals in an 
ascorbate-dependent manner [16], but also cause CNS 
damage [17]. Hb is also able to interact with nitric oxide 
(NO) [18], which cause Hb iron oxidation [19] and NO 
decomposition into nitrate (NO3

-) [20]. NO consumption by 
free Hb not only mediates vascular hypertension [21] but 
also seems to be directly involved in vasoconstriction in 
subarachnoid hemorrhage [22, 23]. 

 The pro-oxidant environment of the hemorrhagic brain 
allows Hb oxidation to metHb, which contributes to heme 
release, protein carboxylation, LDL oxidation [24], and tissue 

injury [25]. Another interesting aspect is that neurons and 
astrocytes are morphologically, functionally and metabolically 
distinct cells, which exhibit different susceptibilities to BDP 
[27-31]. Noteworthy, neurons are remarkably more susceptible 
to Hb and heme, when compared to astrocytes, in a 
mechanism involving increased uptake of these BDP and 
redox imbalance in neurons [27]. On the other hand, the HO-
1 isoform plays a central protective role in astrocytes against 
Hb toxicity [26, 32] whereas HO-2 activity in neurons 
contributes to Hb-related neurotoxic effects [28]. 

 Iron is an essential cellular element and isutilized in a 
wide array of biochemical reactions in the CNS, such as 
neurotransmitter metabolism, myelin synthesis, and in 
cellular energy transduction reactions. Concentrations of 
brain iron are highest at birth, decrease during the first two 
weeks of life, subsequently increasing along life [27, 28], 
suggesting that the brain capacity deal with iron overload 
decreases with age. Iron toxicity to the CNS is mediated by 
various mechanisms, the most important one through redox 
imbalance, due to its capacity to generate hydroxyl radical 
by the classical Fenton reaction [35] as well as to promote 
metal-catalyzed oxidation [36]. In this scenario, it must be 
emphasized that brain is highly susceptible to redox 
imbalance, as a tissue enriched with unsaturated fatty acids, 
iron, and ascorbate, with a high oxygen demand per mass 
[37] which contrast with strikingly low activities of antioxidant 
defenses, especially catalase in different brain regions [37]. 
Thus, after ICH, brain antioxidant defenses are consumed to 
prevent redox imbalance and ultimately tissue damage. 
Sadrzadeh and colleagues have shown that iron and Hb 
catalyzed hydroxyl radical production and lipid peroxidation 

 

Fig. (1). Schematic summary of the main mechanisms of brain injury after hemorrhagic stroke. Hemoglobin and its metabolites can 
exert deleterious effects on brain tissue through NO depletion and vasospasm, ROS production, stimulation of inflammatory response, 
inhibition of DNA repair, and glutamate release. (Adapted from Larsen R et al.) [12]. 
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[16, 17, 29]. High levels of protein carbonyl were detected in 
the perihematomal white matter within minutes following 
autologous blood injection [30]. In fact, redox imbalance can 
persist for up to three days following injury, as demonstrated 
by the increased dihydroethidium staining (a marker for 
redox imbalance detected in situ) in the peri-ICH region 
[31]. Reductions in superoxide dismutase (SOD) activity and 
increased DNA fragmentation following ICH were also 
described [15]. In addition to their role in direct injury to cell 
membranes, ROS can activate the transcription factors  
NF-kβ [32] and activator protein-1 and can also induce BBB 
disruption, worsening the brain edema [33]. ROS are also 
able to modulate mitochondrial function, reducing respiratory 
rates by interfering with electron transport system (ETS) 
activity [34, 44]. Iron can further propagate oxidative injury 
by inhibiting the enzymatic function of base excision repair 
pathway for DNA damage and by delaying the repair of 
DNA in cultured neurons [35]. 

 To date, there has been only one clinical study that has 
examined ROS production as a mediator of brain injury 
following ICH. Mantle and colleagues found oxidized 
proteins in perihematomal brain tissue samples following 
hematoma drainage in 10 patients [36]. However, evidence 
of ROS production was also found in the control samples 
(patients submitted to brain tumor resection or aneurysm 
clipping). It was hypothesized that the control patients were 
also subjected to higher levels of oxidative stress due to their 
underlying pathology (brain cancer and intracranial 
aneurysms). Despite the lack of clinical evidence, abundant 
experimental data show that ROS generation is a key 
component of brain injury following ICH [47, 48]. 

 Another mechanism of brain injury by iron is by the 
amplifying of the inflammatory response. Lipopolysaccharide 
(LPS)- activated microglia loaded with iron had increased 
the release of MMP-9 [37], TNF-α, and IL-1β than non-
loaded microglia [38]. Culture media from activated 
microglia was toxic for oligodendrocytes, an effect that was 
reversed by iron chelation [38]. Consistently, increases in 
iron levels also led to activation of NF-κβ [38]. 

 Glutamate excitotoxicity seems to be an important 
mechanism in neuronal and oligodendrocyte cytotoxicity 
mediated by iron. The evidence accumulated so far indicate 
that glutamate promotes iron uptake in rat spinal cord 
explants [39], increase BBB permeability, and promote brain 
edema through NMDA receptors, which are stimulated by 
redox imbalance and inhibited by iron chelation [40-42]. 
Curiously, iron mediate glutamate toxicity by stimulating 
glutamate release and aconitase activity [43], which are 
important for both glutamate synthesis, and energy metabolism. 
Furthermore, increasing evidence suggests that iron can 
induce neurodegeneration, promote neuronal autophagy [44], 
enhance β-amyloid neurotoxicity through transglutaminase 
expression [45], and cause neuronal atrophy and death [46]. 
In humans, serum ferritin [47] and hematoma iron content 
[48], as measured by magnetic resonance imaging (MRI), 
were associated with perihematomal edema development. 

 Hb and heme can also directly contribute to brain injury. 
Heme is the prosthetic group of many different heme 
proteins and contains a central iron atom coordinated to the 

protoporphyrin ring. Although RBC lysis and heme 
degradation are well-studied processes in ICH, the 
mechanisms governing Hb degradation are far less 
understood, and it seems that heme release upon RBC 
disruption would be explained by Hb oxidation to metHb 
during ICH [61]. Also, thrombin was also implicated in this 
process [62] but whether this protease mediates Hb 
degradation and subsequently heme release remains elusive. 
Regardless the exact mechanism of Hb digestion, once heme 
is released from globin polypeptide chain, it can act as a 
potent cytotoxic pro-oxidant compound and lead to oxidative 
stress [49]. "Free" heme can also oxidize some circulating 
components such as LDL particles, which exert cytotoxic 
effects on endothelial cells [24]. These observations are 
supported by the use of pharmacological antioxidants which 
confer cytoprotection against "free" heme [50]. 

 In addition to direct stimulating oxidative stress, heme 
also participates in the inflammatory reaction by directly 
stimulating TLR4 [11, 15] or amplifying the inflammatory 
effects of microbial molecules [52] as can be seen in this 
paper from Figueiredo et al. [10]. Fig. 2 summarizes the effects 
of heme upon TLR4. Heme can also induce neutrophil 
migration, decomposition of organic radicals into highly 
reactive alkoxyl and peroxyl radicals [53], and secretion of 
IL-8 [54] and TNF- α [66]. Furthermore, heme induces not 
only the expression of pro-inflammatory adhesion molecules, 
both in vitro [55] and in vivo [56], but also vascular 
permeability [54], events that contribute to brain edema. 
Besides promoting inflammatory reaction within the CNS, 
heme was also found to induce programmed cell necrosis in 
macrophages in vivo [36]. Furthermore, neurons were found 
to be more sensitive to the toxic effects of heme [57] and Hb 
[26] than astrocytes, and the cell death further propagates 
brain injury. Interestingly, recent studies demonstrated a 
critical role of TLR4 in the pathogenesis of hemolytic and 
hemorrhagic conditions [58]. 

MECHANISMS OF BRAIN PROTECTION AGAINST 
BDP TOXICITY 

 In the setting of severe hemolysis, several protective 
mechanisms are activated reducing the deleterious effects of 
free iron, heme, and Hb. The main protective mechanisms 
consist on heme degradation by the heme-oxygenases into 
iron, carbon monoxide, and biliverdin, intracellular iron 
sequestration by ferritin [74, 75], as well as Hb and heme 
scavenging by haptoglobin (Hb) and hemopexin (Hx), 
respectively [76, 77]. While the haptoglobin and hemopexin-
based defense mechanisms are well described in hemolytic 
diseases, such as malaria and other hemolytic anemias, their 
role in brain protection after hemorrhagic stroke is less clear. 
Compounds that up-regulate the expression of antioxidants, 
like Nrf2 and PPAR-γ, also play a role in cerebral protection 
after intraparenchymal bleeding. 

Haptoglobin and Hemopexin 

 Haptoglobin (Hp) and hemopexin (Hx) are plasma 
proteins that are synthesized in the liver, and their major 
functions described so far are to bind circulating Hb and 
heme, respectively, that have been released during intra- 
vascular hemolysis and to remove them from circulation. 
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Haptoglobin-Hb complexes are uptaken by macrophages/ 
microglia through the scavenger receptor CD163. Recent 
evidence suggests that Hp and Hx may play roles in Hb and 
heme scavenging in the CNS following ICH. In this sense, 
Zhao and colleagues have shown that Hp expression is 
increased in the perihematomal area following ICH [59].  
In addition to Hp transport to the brain parenchyma as a 
result of BBB disruption, Hp can be synthesized by 
oligodendrocytes, which was demonstrated in neuron-glial 
co-culture experiments [59]. Furthermore, oligodendrocytes 
protect neurons from Hb toxicity through Hp release, and 
hypohaptoglobinemic mice experienced more extensive 
brain damage, neurological deficits, neuronal loss, and white 
matter injury following ICH compared to controls [59]. 
These results suggest that Hp may be an important 
component of CNS protection by Hb chelation. However, 
Galea and colleagues reported that most Hb was not bound 
to Hp, which suggests that the CD163-Hb-Hp system is 
saturated and that the primary route for Hb clearance from 
the CNS is freely crossing the BBB through a concentration 
gradient [60]. Moreover, hypohaptoglobinorrhachia patients, 
which exhibit more effective clearance of Hb, have been 
associated with a reduced incidence of delayed cerebral 

infarct (DCI) [60]. This evidence suggests that, although Hp 
secretion is a protective mechanism against free Hb, it may 
not be considered as a main mechanism of protection in the 
brain. The main components of brain protection against 
blood extravasation and drugs tested to enhance the 
mechanisms of protection are summarized in Fig. 3. 

 Hx is a plasmatic glycoprotein that is synthesized by 
hepatocytes playing a central role in heme scavenging. Hx 
binds to heme and forms a stable heme-Hx complex, which 
is cleared by CD91 macrophages [61]. In the human brain, 
Hx synthesis occurs primarily in neurons (80), but not in 
oligodendrocytes, and is induced by heme [80, 81]. The 
formation of heme-Hx complexes may facilitate heme 
removal by microglia/macrophages following ICH. Data 
supporting this hypothesis, however, is scarce. In Hx 
knockout mice, the striatal cell viability three days following 
injury was significantly reduced, heme tissue content was 
2.7-fold increased, and locomotor activity was reduced 
compared to wild-type mice [62]. Deletion of Hx resulted in 
increased infarct volumes and neurological deficits [63]. 
Moreover, heme-Hx complexes protected neurons from 
oxidative stress-associated cell death and induced the 
expression of heme-oxygenase 1 (HO-1) [64]. Hx also 

 

Fig. (2). Schematic summary of TLR4 activation by heme and its effects. Heme induces neutrophil migration across the blood-brain 
barrier and secretion of IL-8 and TNF- α by stimulating TLR4. The stimulation of inflammatory response and augmentation of vascular 
permeability contribute to brain edema. Besides promoting inflammatory reaction within the CNS, heme also induces programmed cell 
necrosis in monocytes/macrophages. Furthermore, the uptake of heme by neurons induces cell death, which further propagates the 
inflammatory response. 
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decreased intra-neuronal heme accumulation and decreased 
heme breakdown [64]. Therefore, while Hp and Hx are well-
established protective mechanisms after systemic hemolysis, 
evidence for their role in protecting the brain after ICH is 
lacking. 

Heme Oxygenase 

 Heme oxygenase (HO) is a rate-limiting enzyme of 
physiological heme degradation that catalyzes the conversion 
of heme to biliverdin, carbon monoxide, and iron. There are 
two known isoforms of HO (HO-1 and HO-2), being HO-2 
constitutively expressed and is found in most cell types 
(including neurons), whereas HO-1 is induced following 
ICH in microglia/macrophages [63, 65]. HO-1 expression 
reaches its peak at 3 and seven days following brain 
hemorrhage [66]. In an autopsy study, HO-1 expression 
began approximately two h following ICH, peaked within 
17-30 h and declined after ten days [67]. 

 The role of HO activity in ICH is controversial. Genetic 
deletion of HO-2 led to neurons that were more vulnerable to 
heme toxicity. Mice with genetic deletion of HO-2 had a 
30% increase in brain volume injury on the first day after 
intracerebral hemorrhage and a 67% increase on the third 
day, as well as worsened neurological function on the first 
and third days after ICH [65]. HO-2 knockout mice were 
more susceptible to brain damage following ICH, had 
increased neutrophil infiltration, microglial/macrophage and 

astrocyte activation, DNA damage, peroxynitrite production, 
and cytochrome c immunoreactivity [83]. 

 On the other hand, HO-1 null mice exhibited reduced 
brain injury, neurological dysfunction, leukocyte infiltration 
and microglial activation, as well as reduced susceptibility to 
DNA damage [87]. In animal models of Alzheimer and 
Parkinson’s diseases, HO-1 expression promoted intracellular 
oxidative stress, the opening of the mitochondrial 
permeability transition pore, and the accumulation of non-
transferrin iron in the mitochondrial compartment [68, 69]. 
In line with these observations, HO-1 knockout astrocytes 
demonstrated a 20-25% death rate and a fourfold increase in 
protein oxidation [70]. However, Chen and colleagues have 
described that the increased sensitivity to heme toxicity 
observed in HO-2 knockout mice was reduced when HO-1 
expression was stimulated by adenoviral gene transfer [71]. 
The prevention of heme accumulation at intracellular toxic 
levels and the production of the antioxidants biliverdin/ 
bilirubin may partially explain this protection [69, 72]. As a 
result of HO-1 activity, carbon monoxide is produced, which 
play a protective role in a rat model of ICH [73]. Thus, when 
a transient rise of intracellular "free" heme takes place, the 
HO-1 expression is enhanced, degrading this molecule into 
free iron. From the data exposed above, it can be concluded 
that HO-1 has both deleterious and protective properties in 
ICH. The early up-regulation of HO-1 possibly fit with the 
events and is protective against oxidative stress, whereas its 

 

Fig. (3). Schematic mechanism of brain protection and pharmacological compounds tested in experimental and clinical trials. Many 
drugs tested to this date act either by iron scavenging or by enhancing antioxidant response after hemorrhagic stroke (adapted from Larsen R, 
et al.) [12]. 
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overexpression may result in its dysfunction and promote 
further toxicity. 

Nrf2 and Peroxisome Proliferator-Activated Receptor-γ 
(PPAR-γ) 

 Nrf2 is a transcriptional factor that promotes transcription 
of antioxidant genes, including quinine oxidoreductase 1, 
glutathione S-transferase, glutamate-cysteine ligase, glutathione 
peroxidase, and HO-1 [74]. Nrf2 is present in neurons, astrocytes, 
and microglia and is regarded as being neuroprotective. Shah 
et colleagues demonstrated that Nrf2-/- mice were more prone 
to stroke damage than control mice following ischemia-
reperfusion injury and that tert-butylhydroquinone, a Nrf2 
inducer, attenuated neuronal death [75]. In a collagenase 
model of ICH, Nrf2-deficient mice were more susceptible to 
severe neurological deficits, and worsening of brain injury 
was associated with increases in leukocyte infiltration, ROS 
production, DNA damage, and cytochrome c release [76, 77]. 
Also, Nrf2 depletion increased the inflammatory reaction 
through the NF-κB pathway, stimulating the expression of 
TNF-α, IL-1β, IL-6, and MMP-9 [78]. Melatonin and 
erythropoietin appear to protect against early brain injury by 
stimulating the Nrf2-pathway [79, 80]. These studies suggest 
that Nrf2 expression is neuroprotective against early 
inflammatory brain injury in hemorrhagic stroke models. 

  PPAR-γ is another transcriptional factor that regulates the 
expression of two important antioxidant genes: catalase and 
superoxide dismutase. Zhao and colleagues have shown that 
the intrahemorrhage injection of 15D-PGJ2 leads to the 
increased expression of PPAR-γ and catalase in neurons and 
microglia [81, 82]. PPAR-γ also reduced the expression of 
the pro-inflammatory genes TNF-α, IL-1B, MMP-9, and 
iNOS, the extracellular H2O2 levels, and prevented neuronal 
damage. These effects were parallel to stimulation of 
phagocytosis by microglia [81, 82]. PPAR-γ has also been 
associated with reduced neurological dysfunction and 
hematoma resolution [81, 82]. Supporting these evidence, 
rosiglitazone, an agonist of PPAR-γ, attenuated MPO 
activity and the expression of IL-1β and TNF-α [83]. This 
compound also reduced oxyHb-induced TLR4 expression 
and TNF-α release in a culture of vascular smooth muscle 
cells [84], as well as reduced cerebral vasospasm following 
SAH by impairing TLR4 signaling [85]. In summary, PPAR-
γ seems to exert a protective role after hemorrhagic stroke by 
reducing the inflammatory response and by increasing 
antioxidant protection. Thus, PPAR-γ agonists rise as 
potential drugs for clinical trials. 

EXPERIMENTAL AND CLINICAL TRIALS 

 Based upon evidence of iron and heme-induced brain 
injury and the protection mechanisms, many experimental 
and clinical trials have focused on three primary targets to 
reduce iron-mediated neuronal injury: iron scavenging, 
inhibition of inflammatory reaction induced by iron and 
heme, and the enhancement of natural protection pathways, 
such as increasing expression of haptoglobin and hemopexin. 

 As a transition metal, iron is chemically defined by 
bearing incomplete electron orbitals, which is an essential 
feature of any free radical. This mean that as a free radical, 

iron present in the most abundant biological oxidation forms 
(+2 and +3) are naturally unstable species, which may react 
with nearest molecules to reach their chemical stability. 
Deferoxamine is an iron chelator that has been used in 
clinical practice for many years, and it can bind iron in both 
free and protein-bound forms, with high affinity, forming 
stable less reactive complexes. As a result, iron chelation by 
deferoxamine prevents cellular redox imbalance and 
neuronal death [86, 87]. Deferoxamine also reduced Hb-
induced DNA damage, hippocampal neuronal death, brain 
atrophy and swelling [88]. Beyond these effects, deferoxamine 
has also been shown to reduce HO-1 expression in aged rats 
[89], attenuate the accumulation of 8-OHdG, a marker of 
nucleic acid oxidation, and enhance the secretion of APE/ 
Ref-1, a DNA repair mechanism for oxidative damage [90]. 
In a recent meta-analysis of pre-clinical trials, deferoxamine 
was found to improve neurobehavioral scores at the last 
point of assessment and to reduce brain edema in ICH [91]. 
However, further studies were unable to find an association 
between deferoxamine administration and improved 
neurological outcomes in rat models [92, 93]. Both studies 
that found negative results for deferoxamine were performed 
in collagenase-induced rat models of brain hemorrhage, 
raising questions regarding differences among the different 
models of ICH and their ability to accurately reproduce 
clinical practices. 

 Recently, the safety and tolerability of deferoxamine in 
ICH patients were investigated. Twenty patients were 
enrolled, and doses between 7 mg/Kg and 62 mg/Kg per day 
were tested. The primary side effect was mild hypotension, 
and it was concluded that deferoxamine was well tolerated 
and safe in the clinical setting [94]. Further studies to 
establish the potential role of deferoxamine in preventing 
neurological dysfunction following ICH are eagerly awaited. 

 Minocycline is a tetracycline antibiotic, which has been 
shown to have neuroprotective properties in addition to its 
antibiotic, anti-inflammatory, anti-apoptotic, and antioxidant 
effects, and seems to play a beneficial role following the 
ICH [95, 96]. Power et colleagues. reported that minocycline 
infusion inhibited IL-1α and MMP-12, diminished microglial 
activation and neutrophil infiltration in the brain, reduced the 
appearance of apoptotic cells, and improved neurobehavioral 
outcomes in a mouse model [97]. Another study showed that 
the systemic administration of minocycline reduced 
perihematomal brain edema, neurological deficits, and brain 
atrophy [95]. However, other investigators have reported 
that, while minocycline had beneficial effects in reducing 
brain edema, microvessel loss, neutrophil infiltration, and 
TNF-α and MMP-12 secretion [96], it had no protective 
effects on striatal tissue and neuron loss. Xue and colleagues, 
in an autologous blood mice model, suggested that a high 
dose of locally applied minocycline with intravenous 
supplementation might result in better neuronal protection 
following ICH [98]. In a recent meta-analysis, minocycline 
was found to improve neurobehavioral outcomes only when 
infused for at least 24 hours following ICH [91]. All this data 
together suggest that minocycline may have a beneficial 
effect after hemorrhagic stroke mainly by reducing the 
inflammatory response. However, the use of minocycline to 
minimize the onset and progression of neurodegenerative 
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diseases has been questioned. A phase III trial with 412 
amyotrophic lateral sclerosis patients showed that minocycline 
was associated with non-significant trends of a faster decline 
in functional scores and higher mortality rates [99]. In 
models of Parkinson’s and Huntington’s diseases, minocycline 
was also found to be associated with worst functional scores 
and increased neuronal loss [100]. These trials pose serious 
questions over the effectiveness of minocycline in the 
treatment of neurological diseases since experimental trials 
cannot be directly translated into clinical trials regarding 
dosing and treatment schedules, and patients are usually not 
pre-treated before their symptoms arise. 

 Statins are inhibitors of hydroxymethylglutaryl-CoA 
reductase, and their primary effect is to reduce cholesterol 
biosynthesis and, therefore, to diminish blood cholesterol 
levels. However, in addition to their hypocholesterolemic 
effect, statins have pleiotropic properties [101], including 
improving endothelial function, attenuating vascular and 
myocardial remodeling, and inhibiting vascular inflammation 
and oxidation. These pleiotropic effects are being studied in 
a wide variety of diseases, including ICH. In a rat model, 
atorvastatin administration 24 hours following ICH reduced 
cell loss in the striatum and improved neurobehavioral 
outcomes [102]. These effects were attributed to increased 
synaptic plasticity, decreased expression of iNOS, and 
neutrophil/microglia recruitment, leading to a reduced 
inflammatory reaction [103]. Statin was found to reduce 
brain water content, block neuron apoptosis, and reduce the 
plasmatic level of MMP-9 [104]. Simvastatin reduced 
cognitive dysfunction [105] and diminished IL-1β secretion 
while enhancing TGF-β release and TGF-β positive 
lymphocyte infiltration in the subarachnoid and perivascular 
spaces [106]. Therefore, it was hypothesized that a statin-
induced Th2 shift could provide neuroprotection. In a mouse 
model, simvastatin was also found to recouple eNOS and, 
therefore, prevent eNOS monomer formation, decrease 
superoxide radical production, and increase NO production, 
leading to decreased vasospasm and neuronal injury [22]. 

 Despite the beneficial effects observed in animal models, 
clinical studies have shown conflicting results regarding the 
association between prior statin use and mortality rates. 
Naval and colleagues demonstrated that prior statin use was 
associated with decreased perihematomal edema and 
mortality rates following ICH [107, 108]. However, 
FitzMaurice and colleagues found no association between 
statins and neurological outcomes or mortality rates [109]. 
More recently, a meta-analysis of more than 2,000 patients 
with ICH demonstrated an association between prior statin 
use and good outcomes, as well as reduced mortality rates 
[110]. On the other hand, an analysis of a Canadian registry 
of 2,466 patients found no association between preadmission 
statin use and outcomes in ICH [111], which makes the 
effects of prior statin use unclear. In the face of the 
conflicting evidence provided by retrospective studies, 
clinical trials evaluating the effect of statin administration 
after hemorrhagic stroke were proposed. Unfortunately, the 
recently published STASH trial found no difference in short-
term and long-term outcomes among patients with 
subarachnoid hemorrhage receiving either simvastatin or 
placebo [112]. 

 Sulphoraphane, a known Nrf2 activator, reduced 
oxidative damage and neurological deficits in animals [76]. 
Microglia and macrophages microglia/macrophages utilize a 
surface receptor, CD36, to promote phagocytosis of red 
blood cell. One specific study evaluated the effect of treating 
animals with PPAR-γ agonists (e.g., rosiglitazone, pioglitazone, 
or 15D-PGJ2), which increased CD36 expression, and found 
out that PPAR-γ agonist treatment results in faster hematoma 
resolution and improved functional recovery after ICH [113]. 
15D-PGJ2 also increased the expression of catalase, primarily 
in neurons and microglia, following ICH [81, 82]. Other 
PPAR-­‐γ agonists that are already in clinical use include the 
thiazolidinediones, specifically pioglitazone and rosiglitazone, 
and a clinical trial of pioglitazone in ICH patients is current 
ongoing [114]. 

CONCLUSIONS 

 Brain injury following ICH is a complex phenomenon 
that involves systemic and local inflammatory reactions, 
direct toxicity of BDP, redox imbalance and ultimately, cell 
death. A deeper insight into the mechanisms involved in ICH 
is required, as well as the development of new therapeutic 
approaches aiming the morbidity and mortality rates 
reduction of this deadly disease. 
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LIST OF ABBREVIATIONS 

15D-PGJ2 = 15-Deoxy-Delta-12, 14-prostaglandin J2 

BBB = blood brain barrier 

BDP = Blood-derived products 

CNS = central nervous system 

DCI = delayed cerebral infarct 

H2O2 = Hydrogen Peroxide 

Hb = Hemoglobin 

HO = heme oxygenase 

Hp = haptoglobin 

Hx = hemopexin 

ICH = intracerebral hemorrhage 

IL = interleukin 

LPS = Lipopolysaccharide 
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MMP = Matrix metallopeptidase 

MPO = myeloperoxidase 

MRI = magnetic resonance imaging 

NF-κβ = nuclear factor kappa-light-chain-enhancer 
of activated B cells 

NMDA = N-methyl-D-aspartate receptor 

NO = nitric oxide 

Nrf2 = Nuclear factor-like 2 

PPAR-γ = Peroxisome proliferator-activated receptor 
gamma 

RBC = red blood cells 

ROS = reactive oxygen species 

SAH = subarachnoid hemorrhage 

TGF-β = Transforming Growth Factor-β 

TLR4 = toll-like receptor 4 

TNF-α = tumor necrosis factor alpha 

REFERENCES 
[1] Van Asch, C.J.; Luitse, M.J.; Rinkel, G.J.; van der Tweel, I.; Algra, 

A.; Klijn, C.J. Incidence, case fatality, and functional outcome of 
intracerebral haemorrhage over time, according to age, sex, and 
ethnic origin: a systematic review and meta-analysis. Lancet 
Neurol., 2010, 9, 167-176. doi: 10.1016/S1474-4422(09)70340-0. 

[2] Sacco, S.; Marini, C.; Toni, D.; Olivieri, L.; Carolei, A. Incidence 
and 10-year survival of intracerebral hemorrhage in a population-
based registry. Stroke J. Cereb. Circ., 2009, 40, 394-399. doi: 
10.1161/STROKEAHA.108.523209. 

[3] Flaherty, M.L. Anticoagulant-associated intracerebral hemorrhage. 
Semin. Neurol., 2010, 30, 565-572. doi: 10.1055/s-0030-1268866. 

[4] Larsen, R.; Gozzelino, R.; Jeney, V.; Tokaji, L.; Bozza, F.A.; 
Japiassú, A.M.; Bonaparte, D.; Cavalcante, M.M.; Chora, A.; 
Ferreira, A.; Marguti, I.; Cardoso, S.; Sepúlveda, N.; Smith, A.; 
Soares, M.P. A central role for free heme in the pathogenesis of 
severe sepsis. Sci. Transl. Med., 2010, 2, 51ra71. doi: 10.1126/ 
scitranslmed.3001118. 

[5] Andrade, B.B.; Araújo-Santos, T.; Luz, N.F.; Khouri, R.; Bozza, 
M.T.; Camargo, L.M.A.; Barral, A.; Borges, V.M.; Barral-Netto, 
M. Heme impairs prostaglandin E2 and TGF-beta production by 
human mononuclear cells via Cu/Zn superoxide dismutase: insight 
into the pathogenesis of severe malaria. J. Immunol. Baltim. Md 
1950, 2010, 185, 1196-1204. doi: 10.4049/jimmunol.0904179. 

[6] Rouault, T.A. Iron metabolism in the CNS: implications for 
neurodegenerative diseases. Nat. Rev. Neurosci., 2013, 14, 551-
564. doi: 10.1038/nrn3453. 

[7] Wu, J.; Hua, Y.; Keep, R.F.; Nakamura, T.; Hoff, J.T.; Xi, G. Iron 
and iron-handling proteins in the brain after intracerebral hemorrhage. 
Stroke J. Cereb. Circ., 2003, 34, 2964-2969. http://dx.doi.org/ 
10.1161/01.STR.0000103140.52838.45 

[8] Marlet, J.M.; Barreto Fonseca, J. de P. Experimental determination 
of time of intracranial hemorrhage by spectrophotometric analysis 
of cerebrospinal fluid. J. Forensic Sci., 1982, 27, 880-888. 
http://dx.doi.org/10.1520/JFS12205J 

[9] Koeppen, A.H.; Dickson, A.C.; McEvoy, J.A. The cellular 
reactions to experimental intracerebral hemorrhage. J. Neurol. Sci., 
1995, 134 Suppl, 102-112.http://dx.doi.org/10.1016/0022-510X(95) 
00215-N 

[10] Figueiredo, R.T.; Fernandez, P.L.; Mourao-Sa, D.S.; Porto, B.N.; 
Dutra, F.F.; Alves, L.S.; Oliveira, M.F.; Oliveira, P.L.; Graça-
Souza, A.V.; Bozza, M.T. Characterization of heme as activator of 
Toll-like receptor 4. J. Biol. Chem., 2007, 282, 20221-20229. 
http://dx.doi.org/10.1074/jbc.M610737200 

[11] Ryter, S.W.; Tyrrell, R.M. The heme synthesis and degradation 
pathways: role in oxidant sensitivity. Heme oxygenase has both 
pro- and antioxidant properties. Free Radic. Biol. Med., 2000, 28, 
289-309.http://dx.doi.org/10.1016/S0891-5849(99)00223-3 

[12] Larsen, R.; Gouveia, Z.; Soares, M.P.; Gozzelino, R.	
   Heme	
  
cytotoxicity	
   and	
   the	
   pathogenesis	
   of	
   immune-­‐mediated	
  
inflammatory	
   diseases. Front. Pharmacol., 2012, 3, 77. doi: 
10.3389/fphar.2012.00077. 

[13] Xi, G.; Keep, R.F.; Hoff, J.T. Erythrocytes and delayed brain 
edema formation following intracerebral hemorrhage in rats. J. 
Neurosurg., 1998, 89, 991-996.http://dx.doi.org/10.3171/jns.1998. 
89.6.0991 

[14] Xi, G.; Hua, Y.; Bhasin, R.R.; Ennis, S.R.; Keep, R.F.; Hoff, J.T. 
Mechanisms of edema formation after intracerebral hemorrhage: 
effects of extravasated red blood cells on blood flow and blood-
brain barrier integrity. Stroke J. Cereb. Circ., 2001, 32, 2932-
2938.http://dx.doi.org/10.1161/hs1201.099820 

[15] Wu, J.; Hua, Y.; Keep, R.F.; Schallert, T.; Hoff, J.T.; Xi, G. 
Oxidative brain injury from extravasated erythrocytes after intra- 
cerebral hemorrhage. Brain Res., 2002, 953, 45-52.http://dx.doi. 
org/10.1016/S0006-8993(02)03268-7 

[16] Sadrzadeh, S.M.; Eaton, J.W. Hemoglobin-mediated oxidant 
damage to the central nervous system requires endogenous 
ascorbate. J. Clin. Invest., 1988, 82, 1510-1515. http://dx.doi.org/ 
10.1172/JCI113759 

[17] Sadrzadeh, S.M.; Anderson, D.K.; Panter, S.S.; Hallaway, P.E.; 
Eaton, J.W. Hemoglobin potentiates central nervous system 
damage. J. Clin. Invest., 1987, 79, 662-664.http://dx.doi.org/ 
10.1172/JCI112865 

[18] Antonini, E.; Brunori, M.; Wyman, J.; Noble, R.W. Preparation and 
kinetic properties of intermediates in the reaction of hemoglobin 
with ligands. J. Biol. Chem., 1966, 241, 3236-3238. 

[19] Eich, R.F.; Li, T.; Lemon, D.D.; Doherty, D.H.; Curry, S.R.; 
Aitken, J.F.; Mathews, A.J.; Johnson, K.A.; Smith, R.D.; Phillips, 
George N.; Olson, J.S. Biochemistry (Mosc.), 1996, 35, 6976-
6983.http://dx.doi.org/10.1021/bi960442g 

[20] Doyle, M.P.; Hoekstra, J.W. Oxidation of nitrogen oxides by bound 
dioxygen in hemoproteins. J. Inorg. Biochem., 1981, 14, 351-
358.http://dx.doi.org/10.1016/S0162-0134(00)80291-3 

[21] Hess, J.R.; MacDonald, V.W.; Brinkley, W.W. Systemic and 
pulmonary hypertension after resuscitation with cell-free 
hemoglobin. J. Appl. Physiol. Bethesda Md, 1985 1993, 74, 1769-
1778. 

[22] Sabri, M.; Ai, J.; Knight, B.; Tariq, A.; Jeon, H.; Shang, X.; 
Marsden, P.A.; Loch Macdonald, R. Uncoupling of endothelial 
nitric oxide synthase after experimental subarachnoid hemorrhage. 
J. Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. Blood Flow 
Metab., 2011, 31, 190-199. doi: 10.1038/jcbfm.2010.76. 

[23] Vellimana, A.K.; Milner, E.; Azad, T.D.; Harries, M.D.; Zhou, 
M.L.; Gidday, J.M.; Han, B.H.; Zipfel, G.J. Endothelial nitric oxide 
synthase mediates endogenous protection against subarachnoid 
hemorrhage-induced cerebral vasospasm. Stroke J. Cereb. Circ., 
2011, 42, 776-782. doi: 10.1161/STROKEAHA.110.607200. 

[24] Jeney, V.; Balla, J.; Yachie, A.; Varga, Z.; Vercellotti, G.M.; 
Eaton, J.W.; Balla, G. Pro-oxidant and cytotoxic effects of 
circulating heme. Blood, 2002, 100, 879-887.http://dx.doi.org/ 
10.1182/blood.V100.3.879 

[25] Nagy, E.; Eaton, J.W.; Jeney, V.; Soares, M.P.; Varga, Z.; Galajda, 
Z.; Szentmiklósi, J.; Méhes, G.; Csonka, T.; Smith, A.; Vercellotti, 
G. M.; Balla, G.; Balla, J. Red cells, hemoglobin, heme, iron, and 
atherogenesis. Arterioscler. Thromb. Vasc. Biol., 2010, 30, 1347-
1353. doi: 10.1161/ATVBAHA.110.206433. 

[26] Chen-Roetling, J.; Regan, R.F. Effect of heme oxygenase-1 on the 
vulnerability of astrocytes and neurons to hemoglobin. Biochem. 
Biophys. Res. Commun., 2006, 350, 233-237.http://dx.doi.org/ 
10.1016/j.bbrc.2006.09.036 

[27] Koeppen, A.H. The history of iron in the brain. J. Neurol. Sci. 
1995, 134 Suppl, 1-9.http://dx.doi.org/10.1016/0022-510X(95) 
00202-D 

[28] Zecca, L.; Youdim, M.B.H.; Riederer, P.; Connor, J.R.; Crichton, 
R.R. Iron, brain ageing and neurodegenerative disorders. Nat. Rev. 
Neurosci., 2004, 5, 863-873.http://dx.doi.org/10.1038/nrn1537 

[29] Sadrzadeh, S.M.; Graf, E.; Panter, S.S.; Hallaway, P.E.; Eaton, 
J.W. Hemoglobin. A biologic fenton reagent. J. Biol. Chem., 1984, 
259, 14354-14356. 



400    Current Neuropharmacology, 2016, Vol. 14, No. 4 Righy et al. 

[30] Wagner, K.R.; Packard, B.A.; Hall, C.L.; Smulian, A.G.; Linke, M. 
J.; De Courten-Myers, G.M.; Packard, L.M.; Hall, N.C. Protein 
oxidation and heme oxygenase-1 induction in porcine white matter 
following intracerebral infusions of whole blood or plasma. Dev. 
Neurosci., 2002, 24, 154-160.http://dx.doi.org/10.1159/000065703 

[31] Wang, J.; Tsirka, S.E. Stroke J. Cereb. Circ. 2005, 36, 613-618. 
http://dx.doi.org/10.1161/01.STR.0000155729.12931.8f 

[32] Chan, P.H. J. Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. 
Blood Flow Metab., 2001, 21, 2-14.http://dx.doi.org/10.1097/ 
00004647-200101000-00002 

[33] Pun, P.B.L.; Lu, J.; Moochhala, S. Involvement of ROS in BBB 
dysfunction. Free Radic. Res., 2009, 43, 348-364.http://dx.doi. 
org/10.1080/10715760902751902 

[34] Hillered, L.; Ernster, L. Respiratory activity of isolated rat brain 
mitochondria following in vitro exposure to oxygen radicals. J. 
Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. Blood Flow 
Metab., 1983, 3, 207-214.http://dx.doi.org/10.1038/jcbfm.1983.28 

[35] Li, H.; Swiercz, R.; Englander, E.W. Elevated metals compromise 
repair of oxidative DNA damage via the base excision repair 
pathway: implications of pathologic iron overload in the brain on 
integrity of neuronal DNA. J. Neurochem., 2009, 110, 1774-
1783.http://dx.doi.org/10.1111/j.1471-4159.2009.06271.x 

[36] Mantle, D.; Siddique, S.; Eddeb, F.; Mendelow, A.D. Comparison 
of protein carbonyl and antioxidant levels in brain tissue from 
intracerebral haemorrhage and control cases. Clin. Chim. Acta Int. 
J. Clin. Chem., 2001, 312, 185-190.http://dx.doi.org/10.1016/ 
S0009-8981(01)00623-4 

[37] Mairuae, N.; Connor, J.R.; Cheepsunthorn, P. Increased cellular iron 
levels affect matrix metalloproteinase expression and phagocytosis 
in activated microglia. Neurosci. Lett., 2011, 500, 36-40.http://dx. 
doi.org/10.1016/j.neulet.2011.06.001 

[38] Zhang, X.; Surguladze, N.; Slagle-Webb, B.; Cozzi, A.; Connor, 
J.R. Cellular iron status influences the functional relationship 
between microglia and oligodendrocytes. Glia, 2006, 54, 795-804. 
http://dx.doi.org/10.1002/glia.20416 

[39] Yu, J.; Guo, Y.; Sun, M.; Li, B.; Zhang, Y.; Li, C. Iron is a 
potential key mediator of glutamate excitotoxicity in spinal cord 
motor neurons. Brain Res., 2009, 1257, 102-107.http://dx.doi.org/ 
10.1016/j.brainres.2008.12.030 

[40] Germanò, A.; Caffo, M.; Angileri, F.F.; Arcadi, F.; Newcomb-
Fernandez, J.; Caruso, G.; Meli, F.; Pineda, J.A.; Lewis, S.B.; 
Wang, K.K.W.; Bramanti, P.; Costa, C.; Hayes, R.L. NMDA 
receptor antagonist felbamate reduces behavioral deficits and 
blood-brain barrier permeability changes after experimental 
subarachnoid hemorrhage in the rat. J. Neurotrauma, 2007, 24, 
732-744.http://dx.doi.org/10.1089/neu.2006.0181 

[41] Liu, X.; Hunter, C.; Weiss, H.R.; Chi, O.Z. Effects of blockade of 
ionotropic glutamate receptors on blood-brain barrier disruption in 
focal cerebral ischemia. Neurol. Sci. Off. J. Ital. Neurol. Soc. Ital. 
Soc. Clin. Neurophysiol., 2010, 31, 699-703. doi: 10.1007/s10072-
010-0241-5 

[42] Im, D.S.; Jeon, J.W.; Lee, J.S.; Won, S.J.; Cho, S.I.; Lee, Y.B.; 
Gwag, B.J. Role of the NMDA receptor and iron on free radical 
production and brain damage following transient middle cerebral 
artery occlusion. Brain Res., 2012, 1455, 114-123.http://dx.doi.org/ 
10.1016/j.brainres.2012.03.025 

[43] Schalinske, K.L.; Chen, O.S.; Eisenstein, R.S. Iron differentially 
stimulates translation of mitochondrial aconitase and ferritin 
mRNAs in mammalian cells. Implications for iron regulatory 
proteins as regulators of mitochondrial citrate utilization. J. Biol. 
Chem., 1998, 273, 3740-3746.http://dx.doi.org/10.1074/jbc.273. 
6.3740 

[44] Chen, C.W.; Chen, T.Y.; Tsai, K.L.; Lin, C.L.; Yokoyama, K.K.; 
Lee, W.S.; Chiueh, C.C.; Hsu, C. Inhibition of autophagy as a 
therapeutic strategy of iron-induced brain injury after hemorrhage. 
Autophagy, 2012, 8, 1510-1520.http://dx.doi.org/10.4161/auto.21289 

[45] Wang, L.; Xi, G.; Keep, R.F.; Hua, Y. Iron enhances the 
neurotoxicity of amyloid β. Transl. Stroke Res., 2012, 3, 107-
113.http://dx.doi.org/10.1007/s12975-011-0099-8 

[46] Caliaperumal, J.; Ma, Y.; Colbourne, F. Intra-parenchymal ferrous 
iron infusion causes neuronal atrophy, cell death and progressive 
tissue loss: implications for intracerebral hemorrhage. Exp. Neurol., 
2012, 237, 363-369.http://dx.doi.org/10.1016/j.expneurol.2012. 
07.001 

[47] Mehdiratta, M.; Kumar, S.; Hackney, D.; Schlaug, G.; Selim, M. 
Association between serum ferritin level and perihematoma edema 
volume in patients with spontaneous intracerebral hemorrhage. 
Stroke J. Cereb. Circ., 2008, 39, 1165-1170.http://dx.doi.org/ 
10.1161/STROKEAHA.107.501213 

[48] Lou, M.; Lieb, K.; Selim, M. The relationship between hematoma 
iron content and perihematoma edema: an MRI study. Cerebrovasc. 
Dis. Basel Switz., 2009, 27, 266-271.http://dx.doi.org/10.1159/ 
000199464 

[49] Aft, R.L.; Mueller, G.C. Hemin-mediated DNA strand scission. J. 
Biol. Chem., 1983, 258, 12069-12072. 

[50] Zhao, F.; Hua, Y.; He, Y.; Keep, R.F.; Xi, G. Minocycline-induced 
attenuation of iron overload and brain injury after experimental 
intracerebral hemorrhage. Stroke J. Cereb. Circ., 2011, 42, 3587-
3593.http://dx.doi.org/10.1161/STROKEAHA.111.623926 

[51] Swanson, R.A.; Ying, W.; Kauppinen, T.M. Astrocyte influences 
on ischemic neuronal death. Curr. Mol. Med., 2004, 4, 193-205. 
http://dx.doi.org/10.2174/1566524043479185 

[52] Fernandez, P.L.; Dutra, F.F.; Alves, L.; Figueiredo, R.T.; Mourão-
Sa, D.; Fortes, G.B.; Bergstrand, S.; Lönn, D.; Cevallos, R.R.; 
Pereira, R.M.S.; Lopes, U.G.; Travassos, L.H.; Paiva, C.N.; Bozza, 
M.T. J. Biol. Chem., 2010, 285, 32844-32851.http://dx.doi.org/ 
10.1074/jbc.M110.146076 

[53] Davies, M.J. Detection of peroxyl and alkoxyl radicals produced by 
reaction of hydroperoxides with heme-proteins by electron spin 
resonance spectroscopy. Biochim. Biophys. Acta, 1988, 964, 28-35. 
http://dx.doi.org/10.1016/0304-4165(88)90063-3 

[54] Graça-Souza, A.V.; Arruda, M.A.B.; de Freitas, M.S.; Barja-
Fidalgo, C.; Oliveira, P.L. Blood, 2002, 99, 4160-4165.http://dx. 
doi.org/10.1182/blood.V99.11.4160 

[55] Wagener, F.A.; Feldman, E.; de Witte, T.; Abraham, N.G. Proc. 
Soc. Exp. Biol. Med. Soc. Exp. Biol. Med. N. Y. N, 1997, 216, 456-
463.http://dx.doi.org/10.3181/00379727-216-44197 

[56] Wagener, F.A.; Eggert, A.; Boerman, O.C.; Oyen, W.J.; 
Verhofstad, A.; Abraham, N.G.; Adema, G.; van Kooyk, Y.; de 
Witte, T.; Figdor, C.G. Blood, 2001, 98, 1802-1811.http://dx.doi. 
org/10.1182/blood.V98.6.1802 

[57] Lara, F.A.; Kahn, S.A.; da Fonseca, A.C.; Bahia, C.P.; Pinho, J. P.; 
Graca-Souza, A.V.; Houzel, J.C.; de Oliveira, P.L.; Moura-Neto, 
V.; Oliveira, M.F. On the fate of extracellular hemoglobin and 
heme in brain. J. Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. 
Blood Flow Metab., 2009, 29, 1109-1120.http://dx.doi.org/10.1038/ 
jcbfm.2009.34 

[58] Fang, H.; Wang, P.F.; Zhou, Y.; Wang, Y.C.; Yang, Q.W. Toll- 
like receptor 4 signaling in intracerebral hemorrhage-induced 
inflammation and injury. J. Neuroinflammation, 2013, 10, 27. 
http://dx.doi.org/10.1186/1742-2094-10-27 

[59] Zhao, X.; Song, S.; Sun, G.; Strong, R.; Zhang, J.; Grotta, J.C.; 
Aronowski, J. Neuroprotective role of haptoglobin after intra- 
cerebral hemorrhage. J. Neurosci. Off. J. Soc. Neurosci., 2009, 29, 
15819-15827.http://dx.doi.org/10.1523/JNEUROSCI.3776-09.2009 

[60] Galea, J.; Cruickshank, G.; Teeling, J.L.; Boche, D.; Garland, P.; 
Perry, V.H.; Galea, I. The intrathecal CD163-haptoglobin-
hemoglobin scavenging system in subarachnoid hemorrhage. J. 
Neurochem., 2012, 121, 785-792.http://dx.doi.org/10.1111/j.1471-
4159.2012.07716.x 

[61] Hvidberg, V.; Maniecki, M.B.; Jacobsen, C.; Højrup, P.; Møller, 
H.J.; Moestrup, S.K. Identification of the receptor scavenging 
hemopexin-heme complexes. Blood, 2005, 106, 2572-2579.http:// 
dx.doi.org/10.1182/blood-2005-03-1185 

[62] Chen, L.; Zhang, X.; Chen-Roetling, J.; Regan, R.F. Increased 
striatal injury and behavioral deficits after intracerebral hemorrhage 
in hemopexin knockout mice. J. Neurosurg. 2011, 114, 1159-
1167.http://dx.doi.org/10.3171/2010.10.JNS10861 

[63] Wang, J.; Doré, S. Neuroscience, 2008, 155, 1133-1141.http://dx. 
doi.org/10.1016/j.neuroscience.2008.07.004 

[64] Hahl, P.; Davis, T.; Washburn, C.; Rogers, J.T.; Smith, A. 
Mechanisms of neuroprotection by hemopexin: modeling the 
control of heme and iron homeostasis in brain neurons in 
inflammatory states. J. Neurochem., 2013, 125, 89-101.http://dx. 
doi.org/10.1111/jnc.12165 

[65] Wang, J.; Zhuang, H.; Doré, S. Heme oxygenase 2 is neuro- 
protective against intracerebral hemorrhage. Neurobiol. Dis., 2006, 
22, 473-476.http://dx.doi.org/10.1016/j.nbd.2005.12.009 



Molecular, Cellular and Clinical Aspects of Intracerebral Hemorrhage Current Neuropharmacology, 2016, Vol. 14, No. 4    401 

[66] Wang, G.; Yang, Q.; Li, G.; Wang, L.; Hu, W.; Tang, Q.; Li, D.; 
Sun, Z. Time course of heme oxygenase-1 and oxidative stress after 
experimental intracerebral hemorrhage. Acta Neurochir. (Wien), 
2011, 153, 319-325.http://dx.doi.org/10.1007/s00701-010-0750-2 

[67] Duan, S.; Wang, X.; Wang, C.; Wang, D.; Qi, J.; Wang, H. 
[Expressions of heme oxygenase-1 and apoptosis-modulating 
proteins in peri-hematoma cortex after intracerebral hemorrhage in 
human being]. Zhonghua Yi Xue Za Zhi, 2007, 87, 1904-1907. 

[68] Schipper, H.M.; Gupta, A.; Szarek, W.A. Suppression of glial  
HO-1 activity as a potential neurotherapeutic intervention in AD. 
Curr. Alzheimer Res., 2009, 6, 424-430.http://dx.doi.org/10.2174/ 
156720509789207985 

[69] Song, L.; Song, W.; Schipper, H.M. Astroglia overexpressing heme 
oxygenase-1 predispose co-cultured PC12 cells to oxidative injury. 
J. Neurosci. Res., 2007, 85, 2186-2195.http://dx.doi.org/10.1002/ 
jnr.21367 

[70] Chen-Roetling, J.; Benvenisti-Zarom, L.; Regan, R.F. Cultured 
astrocytes from heme oxygenase-1 knockout mice are more 
vulnerable to heme-mediated oxidative injury. J. Neurosci. Res., 
2005, 82, 802-810.http://dx.doi.org/10.1002/jnr.20681 

[71] Chen, J.; Regan, R.F. Heme oxygenase-2 gene deletion increases 
astrocyte vulnerability to hemin. Biochem. Biophys. Res. Commun., 
2004, 318, 88-94.http://dx.doi.org/10.1016/j.bbrc.2004.03.187 

[72] Vesely, M.J.; Exon, D.J.; Clark, J.E.; Foresti, R.; Green, C.J.; 
Motterlini, R. Heme oxygenase-1 induction in skeletal muscle 
cells: hemin and sodium nitroprusside are regulators in vitro. Am. J. 
Physiol., 1998, 275, C1087-C1094. 

[73] Yabluchanskiy, A.; Sawle, P.; Homer-Vanniasinkam, S.; Green, C. 
J.; Foresti, R.; Motterlini, R. CORM-3, a carbon monoxide-
releasing molecule, alters the inflammatory response and reduces 
brain damage in a rat model of hemorrhagic stroke. Crit.  
Care Med., 2012, 40, 544-552.http://dx.doi.org/10.1097/CCM. 
0b013e31822f0d64 

[74] Chen, G.; Fang, Q.; Zhang, J.; Zhou, D.; Wang, Z. Role of the 
Nrf2-ARE pathway in early brain injury after experimental 
subarachnoid hemorrhage. J. Neurosci. Res., 2011, 89, 515-
523.http://dx.doi.org/10.1002/jnr.22577 

[75] Shah, Z.A.; Li, R.C.; Thimmulappa, R.K.; Kensler, T.W.; 
Yamamoto, M.; Biswal, S.; Doré, S. Role of reactive oxygen 
species in modulation of Nrf2 following ischemic reperfusion 
injury. Neuroscience, 2007, 147, 53-59.http://dx.doi.org/10.1016/ 
j.neuroscience.2007.02.066 

[76] Zhao, X.; Sun, G.; Zhang, J.; Strong, R.; Dash, P.K.; Kan, Y.W.; 
Grotta, J.C.; Aronowski, J. Transcription factor Nrf2 protects the 
brain from damage produced by intracerebral hemorrhage. Stroke  
J. Cereb. Circ., 2007, 38, 3280-3286. http://dx.doi.org/10.1161/ 
STROKEAHA.107.486506 

[77] Wang, J.; Fields, J.; Zhao, C.; Langer, J.; Thimmulappa, R.K.; 
Kensler, T.W.; Yamamoto, M.; Biswal, S.; Doré, S. Role of Nrf2 in 
protection against intracerebral hemorrhage injury in mice. Free 
Radic. Biol. Med., 2007, 43, 408-414.http://dx.doi.org/10.1016/ 
j.freeradbiomed.2007.04.020 

[78] Pan, H.; Wang, H.; Zhu, L.; Mao, L.; Qiao, L.; Su, X. Depletion of 
Nrf2 enhances inflammation induced by oxyhemoglobin in 
cultured mice astrocytes. Neurochem. Res., 2011, 36, 2434-
2441.http://dx.doi.org/10.1007/s11064-011-0571-6 

[79] Zhang, J.; Zhu, Y.; Zhou, D.; Wang, Z.; Chen, G. Recombinant 
human erythropoietin (rhEPO) alleviates early brain injury 
following subarachnoid hemorrhage in rats: possible involvement 
of Nrf2-ARE pathway. Cytokine, 2010, 52, 252-257.http://dx. 
doi.org/10.1016/j.cyto.2010.08.011 

[80] Wang, Z.; Ma, C.; Meng, C.J.; Zhu, G.Q.; Sun, X.B.; Huo, L.; 
Zhang, J.; Liu, H.X.; He, W.C.; Shen, X.M.; Shu, Z.; Chen, G. 
Melatonin activates the Nrf2-ARE pathway when it protects against 
early brain injury in a subarachnoid hemorrhage model. J. Pineal 
Res., 2012, 53, 129-137.http://dx.doi.org/10.1111/j.1600-
079X.2012.00978.x 

[81] Zhao, X.; Sun, G.; Zhang, J.; Strong, R.; Song, W.; Gonzales, N.; 
Grotta, J.C.; Aronowski, J. Hematoma resolution as a target for 
intracerebral hemorrhage treatment: role for peroxisome 
proliferator-activated receptor gamma in microglia/macrophages. 
Ann. Neurol., 2007, 61, 352-362.http://dx.doi.org/10.1002/ana. 
21097 

[82] Zhao, X.; Zhang, Y.; Strong, R.; Grotta, J.C.; Aronowski, J. 15d-
Prostaglandin J2 activates peroxisome proliferator-activated 

receptor-gamma, promotes expression of catalase, and reduces 
inflammation, behavioral dysfunction, and neuronal loss after 
intracerebral hemorrhage in rats. J. Cereb. Blood Flow Metab. Off. 
J. Int. Soc. Cereb. Blood Flow Metab., 2006, 26, 811-
820.http://dx.doi.org/10.1038/sj.jcbfm.9600233 

[83] Hyong, A.; Jadhav, V.; Lee, S.; Tong, W.; Rowe, J.; Zhang, J.H.; 
Tang, J. Rosiglitazone, a PPAR gamma agonist, attenuates 
inflammation after surgical brain injury in rodents. Brain Res., 
2008, 1215, 218-224.http://dx.doi.org/10.1016/j.brainres.2008. 
04.025 

[84] Wu, Y.; Zhao, X.D.; Zhuang, Z.; Xue, Y.J.; Cheng, H.L.; Yin, 
H.X.; Shi, J.X. Peroxisome proliferator-activated receptor gamma 
agonist rosiglitazone attenuates oxyhemoglobin-induced Toll-like 
receptor 4 expression in vascular smooth muscle cells. Brain Res., 
2010, 1322, 102-108. http://dx.doi.org/10.1016/j.brainres.2010.01. 
073 

[85] Wu, Y.; Tang, K.; Huang, R.Q.; Zhuang, Z.; Cheng, H.L.; Yin, 
H.X.; Shi, J.X. Therapeutic potential of peroxisome proliferator-
activated receptor γ agonist rosiglitazone in cerebral vasospasm 
after a rat experimental subarachnoid hemorrhage model. J. Neurol. 
Sci., 2011, 305, 85-91.http://dx.doi.org/10.1016/j.jns.2011.03.006 

[86] Goldstein, L.; Teng, Z.P.; Zeserson, E.; Patel, M.; Regan, R.F. 
Hemin induces an iron-dependent, oxidative injury to human 
neuron-like cells. J. Neurosci. Res., 2003, 73, 113-121.http://dx.doi. 
org/10.1002/jnr.10633 

[87] Regan, R.F.; Rogers, B. Delayed treatment of hemoglobin 
neurotoxicity. J. Neurotrauma, 2003, 20, 111-120.http://dx.doi.org/ 
10.1089/08977150360517236 

[88] Song, S.; Hua, Y.; Keep, R.F.; He, Y.; Wang, J.; Wu, J.; Xi, G. 
Delayed treatment of hemoglobin neurotoxicity. Acta Neurochir. 
Suppl., 2008, 105, 13-18.http://dx.doi.org/10.1007/978-3-211-
09469-3_3 

[89] Wu, H.; Wu, T.; Xu, X.; Wang, J.; Wang, J. Iron toxicity in mice 
with collagenase-induced intracerebral hemorrhage. J. Cereb. 
Blood Flow Metab. Off. J. Int. Soc. Cereb. Blood Flow Metab., 2011, 
31, 1243-1250.http://dx.doi.org/10.1038/jcbfm.2010.209 

[90] Nakamura, T.; Keep, R.F.; Hua, Y.; Schallert, T.; Hoff, J.T.; Xi, G. 
Deferoxamine-induced attenuation of brain edema and neurological 
deficits in a rat model of intracerebral hemorrhage. J. Neurosurg., 
2004, 100, 672-678.http://dx.doi.org/10.3171/jns.2004.100.4.0672 

[91] Frantzias, J.; Sena, E.S.; Macleod, M.R.; Al-Shahi Salman, R. 
Treatment of intracerebral hemorrhage in animal models: meta-
analysis. Ann. Neurol., 2011, 69, 389-399. http://dx.doi.org/ 
10.1002/ana.22243 

[92] Warkentin, L.M.; Auriat, A.M.; Wowk, S.; Colbourne, F. Failure of 
deferoxamine, an iron chelator, to improve outcome after 
collagenase-induced intracerebral hemorrhage in rats. Brain  
Res., 2010, 1309, 95-103.http://dx.doi.org/10.1016/j.brainres.2009. 
10.058 

[93] Auriat, A.M.; Silasi, G.; Wei, Z.; Paquette, R.; Paterson, P.; Nichol, 
H.; Colbourne, F. Ferric iron chelation lowers brain iron levels 
after intracerebral hemorrhage in rats but does not improve 
outcome. Exp. Neurol., 2012, 234, 136-143.http://dx.doi.org/ 
10.1016/j.expneurol.2011.12.030 

[94] Selim, M.; Yeatts, S.; Goldstein, J.N.; Gomes, J.; Greenberg, S.; 
Morgenstern, L.B.; Schlaug, G.; Torbey, M.; Waldman, B.; Xi, G.; 
Palesch, Y.; Safety and tolerability of deferoxamine mesylate in 
patients with acute intracerebral hemorrhage. Stroke J. Cereb. 
Circ., 2011, 42, 3067-3074.http://dx.doi.org/10.1161/STROKEAHA. 
111.617589 

[95] Wu, J.; Yang, S.; Xi, G.; Fu, G.; Keep, R.F.; Hua, Y. Minocycline 
reduces intracerebral hemorrhage-induced brain injury.  
Neurol. Res., 2009, 31, 183-188.http://dx.doi.org/10.1179/ 
174313209X385680 

[96] Wasserman, J.K.; Schlichter, L.C. Minocycline protects the blood-
brain barrier and reduces edema following intracerebral hemorrhage 
in the rat. Exp. Neurol., 2007, 207, 227-237.http://dx.doi.org/ 
10.1016/j.expneurol.2007.06.025 

[97] Power, C.; Henry, S.; Del Bigio, M.R.; Larsen, P.H.; Corbett, D.; 
Imai, Y.; Yong, V.W.; Peeling, J. Intracerebral hemorrhage induces 
macrophage activation and matrix metalloproteinases. Ann. 
Neurol., 2003, 53, 731-742.http://dx.doi.org/10.1002/ana.10553 

[98] Xue, M.; Mikliaeva, E.I.; Casha, S.; Zygun, D.; Demchuk, A.; 
Yong, V.W. Improving outcomes of neuroprotection by minocycline: 
guides from cell culture and intracerebral hemorrhage in mice. Am. 



402    Current Neuropharmacology, 2016, Vol. 14, No. 4 Righy et al. 

J. Pathol., 2010, 176, 1193-1202.http://dx.doi.org/10.2353/ajpath. 
2010.090361 

[99] Gordon, P.H.; Moore, D.H.; Miller, R.G.; Florence, J.M.; 
Verheijde, J.L.; Doorish, C.; Hilton, J.F.; Spitalny, G.M.; 
MacArthur, R.B.; Mitsumoto, H.; Neville, H.E.; Boylan, K.; 
Mozaffar, T.; Belsh, J.M.; Ravits, J.; Bedlack, R.S.; Graves, M.C.; 
McCluskey, L.F.; Barohn, R.J.; Tandan, R.; Western ALS Study 
Group. Efficacy of minocycline in patients with amyotrophic 
lateral sclerosis: a phase III randomised trial. Lancet Neurol., 2007, 
6, 1045-1053.http://dx.doi.org/10.1016/S1474-4422(07)70270-3 

[100] Diguet, E.; Fernagut, P.O.; Wei, X.; Du, Y.; Rouland, R.; Gross, 
C.; Bezard, E.; Tison, F. Deleterious effects of minocycline in 
animal models of Parkinson's disease and Huntington's disease. 
Eur. J. Neurosci., 2004, 19, 3266-3276.http://dx.doi.org/10.1111/ 
j.0953-816X.2004.03372.x 

[101] Zhou, Q.; Liao, J.K. Pleiotropic effects of statins. Basic research 
and clinical perspectives. Circ. J. Off. J. Jpn. Circ. Soc., 2010, 74, 
818-826. 

[102] Seyfried, D.; Han, Y.; Lu, D.; Chen, J.; Bydon, A.; Chopp, M. 
Improvement in neurological outcome after administration of 
atorvastatin following experimental intracerebral hemorrhage in 
rats. J. Neurosurg., 2004, 101, 104-107.http://dx.doi.org/10.3171/ 
jns.2004.101.1.0104 

[103] Jung, K.H.; Chu, K.; Jeong, S.W.; Han, S.Y.; Lee, S.T.; Kim, J.Y.; 
Kim, M.; Roh, J.K. HMG-CoA reductase inhibitor, atorvastatin, 
promotes sensorimotor recovery, suppressing acute inflammatory 
reaction after experimental intracerebral hemorrhage. Stroke J. 
Cereb. Circ., 2004, 35, 1744-1749.http://dx.doi.org/10.1161/ 
01.STR.0000131270.45822.85 

[104] Cui, J.J.; Wang, D.; Gao, F.; Li, Y.R. Effects of atorvastatin on 
pathological changes in brain tissue and plasma MMP-9 in rats 
with intracerebral hemorrhage. Cell Biochem. Biophys., 2012, 62, 
87-90.http://dx.doi.org/10.1007/s12013-011-9264-7 

[105] Merlo, L.; Cimino, F.; Scibilia, A.; Ricciardi, E.; Chirafisi, J.; 
Speciale, A.; Angileri, F.F.; Raffa, G.; Priola, S.; Saija, A.; 
Germanò, A. Simvastatin administration ameliorates neuro- 
behavioral consequences of subarachnoid hemorrhage in the rat. J. 
Neurotrauma, 2011, 28, 2493-2501.http://dx.doi.org/10.1089/ 
neu.2010.1624 

[106] Ayer, R.E.; Ostrowski, R.P.; Sugawara, T.; Ma, Q.; Jafarian, N.; 
Tang, J.; Zhang, J.H. Statin-induced T-lymphocyte modulation and 

neuroprotection following experimental subarachnoid hemorrhage. 
Acta Neurochir. Suppl., 2013, 115, 259-266. doi: 10.1007/978-3-
7091-1192-5_46. 

[107] Naval, N.S.; Abdelhak, T.A.; Urrunaga, N.; Zeballos, P.; Mirski, 
M.A.; Carhuapoma, J.R. An association of prior statin use with 
decreased perihematomal edema. Neurocrit. Care 2008, 8, 13-
18.http://dx.doi.org/10.1007/s12028-007-0081-1 

[108] Naval, N.S.; Abdelhak, T.A.; Zeballos, P.; Urrunaga, N.; Mirski, 
M.A.; Carhuapoma, J.R. Prior statin use reduces mortality in 
intracerebral hemorrhage. Neurocrit. Care, 2008, 8, 6-12.http://dx. 
doi.org/10.1007/s12028-007-0080-2 

[109] FitzMaurice, E.; Wendell, L.; Snider, R.; Schwab, K.; Chanderraj, 
R.; Kinnecom, C.; Nandigam, K.; Rost, N.S.; Viswanathan, A.; 
Rosand, J.; Greenberg, S.M.; Smith, E.E. Effect of statins on 
intracerebral hemorrhage outcome and recurrence. Stroke J. Cereb. 
Circ., 2008, 39, 2151-2154.http://dx.doi.org/10.1161/STROKEAHA. 
107.508861 

[110] Biffi, A.; Devan, W.J.; Anderson, C.D.; Ayres, A.M.; Schwab, K.; 
Cortellini, L.; Viswanathan, A.; Rost, N.S.; Smith, E.E.; Goldstein, 
J.N.; Greenberg, S.M.; Rosand, J. Statin use and outcome after 
intracerebral hemorrhage: case-control study and meta-analysis. 
Neurology, 2011, 76, 1581-1588.http://dx.doi.org/10.1212/WNL. 
0b013e3182194be9 

[111] Dowlatshahi, D.; Demchuk, A.M.; Fang, J.; Kapral, M.K.; Sharma, M.; 
Smith, E.E.; Registry of the Canadian Stroke Network. Association 
of statins and statin discontinuation with poor outcome and survival 
after intracerebral hemorrhage. Stroke J. Cereb. Circ., 2012, 43, 
1518-1523.http://dx.doi.org/10.1161/STROKEAHA.111.645978 

[112] Kirkpatrick, P.J.; Turner, C.L.; Smith, C.; Hutchinson, P.J.; 
Murray, G.D. STASH Collaborators. Simvastatin in aneurysmal 
subarachnoid haemorrhage (STASH): a multicentre randomised 
phase 3trial. Lancet Neurol., 2014, 13(7), 666-75. 

[113] Rincon, F.; Mayer, S.A. Intracerebral hemorrhage: clinical overview 
and pathophysiologic concepts. Transl Stroke Res., 2012, 3(Suppl 1), 
10-24. 

[114] Gonzales, N. R.; Shah, J.; Sangha, N.; Sosa, L.; Martinez, R.; Shen, 
L.; Kasam, M.; Morales, M. M.; Hossain, M. M.; Barreto, A. D.; 
Savitz, S. I.; Lopez, G.; Misra, V.; Wu, T.-C.; El Khoury, R.; 
Sarraj, A.; Sahota, P.; Hicks, W.; Acosta, I.; Sline, M. R.; Rahbar, 
M. H.; Zhao, X.; Aronowski, J.; Grotta, J. C. Int. J. Stroke Off. J. 
Int. Stroke Soc. 2013, 8, 388-396. 

 
 
Received: January 28, 2015 Revised: November 28, 2015 Accepted: December 29, 2015 
 

 


