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This review focuses on the problem of oxidative stress in early brain injury (EBI) after spontaneous subarachnoid hemorrhage
(SAH). EBI involves complex pathophysiological mechanisms, including oxidative stress. In the ﬁrst section, we describe the
main sources of free radicals in EBI. There are several sources of excessive generation of free radicals from mitochondrial free
radicals’ generation and endoplasmic reticulum stress, to hemoglobin and enzymatic free radicals’ generation. The second part
focuses on the disruption of antioxidant mechanisms in EBI. The third section describes some newly found molecular
mechanisms and pathway involved in oxidative stress after EBI. The last section is dedicated to the pathophysiological
mechanisms through which free radicals mediate early brain injury.

1. Introduction
Spontaneous subarachnoid hemorrhage (SAH) is a serious
form of hemorrhagic stroke with high morbidity and mortality. SAH patients suﬀer from an initial mortality of 15–20%,
40% die within one month, and around one-third of survivors have serious morbidity in the form of neurological deﬁcits [1]. The majority of SAH cases are caused by a
nontraumatic rupture of a cerebral aneurysm. For decades,
research concerning SAH has focused on delayed cerebral
ischemia (DCI) and delayed cerebral vasospasms (CVS).
However, controversial results of the studies with clazosentan (the CONSCIOUS studies) and lack of prevention against
DCI are why the trend in SAH research has been shifting
from DCI and delayed CVS to early brain injury [2].
Early brain injury (EBI) encompasses complex pathophysiological changes in the central nervous system (CNS)
in the ﬁrst 72 hours after the onset of bleeding and before
the development of CVS. It has been suggested that EBI
mechanisms strongly determine the morbidity and mortality

of SAH patients and is important in the development of
impairments like CVS, DCI, and associated delayed cerebral
ischemic deﬁcit (DIND) [2]. The range of pathophysiological
impairments that get triggered during EBI includes ionic,
biochemical, molecular, and vascular changes, oxidative
stress, inﬂammation, blood-brain barrier (BBB) dysfunction,
apoptosis, and necrosis [2].
Oxidative stress is strongly associated with pathophysiological mechanisms of EBI after SAH [3]. Cellular respiration
impairment results in production of free radicals, which are
molecules with an unpaired valence electron and are highly
chemically reactive. Disruption of metabolism of neurons
due to hypoxia and the resultant changes in cellular oxidative
state are associated with oxidative stress [4]. Therefore, the
brain, with its high metabolic demands, is especially sensitive
to free radicals’ injury whenever there is a disruption in the
cellular respiration. In EBI, an imbalance is struck between
production of reactive oxygen species (ROS) and intrinsic
antioxidant system’s ability to counteract or repair the damage. This imbalance favors ROS and leads to damage to the
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Figure 1: Diagram of major sources of oxidative stress in the pathophysiology of EBI after SAH. BBB: blood-brain barrier; iNOS: inducible
nitric oxide synthase; LT: leukotriene; MetHb: methemoglobin; nNOS: neuronal nitric oxide synthase; OxyHb: oxyhemoglbin; PG:
prostaglandin; ROS: reactive oxygen species.

brain. The most common free radicals involved in oxidative
stress after SAH are superoxide anion, hydroxyl radical,
nitric oxide, and peroxynitrite [5].
This review discusses known mechanisms of excessive
free radicals’ production, a disruption of antioxidant mechanisms, basic molecular signaling pathways, and brain injury
associated with oxidative stress in EBI after SAH (Figure 1).

2. Free Radicals Mediated Early Brain Injury
ROS are key mediators of pathophysiological mechanisms
involved in EBI after SAH. There is an early generation of
ROS in the form of superoxide anion, hydroxyl radical,
hydrogen peroxide, NO, and peroxynitrate after SAH [6].
There are also several antioxidant systems that try to deal
with ROS. However, their levels are inadequate to deal with
such an excess of ROS formation, leading to an imbalance
between ROS production and antioxidant systems in the
brain after SAH.
There are several mechanisms of ROS-associated injury
after SAH. ROS damage the vascular smooth muscle and
endothelium [2]. This involves damage to membrane-bound
phospholipids, which leads to production of second messengers like inositol-3-phosphate (IP3) and diacylglycerol
(DAG) and derivates of arachidonic acid such as leutrotriene
C4 and prostaglandin D2 [5]. Their presence leads to vasoconstriction and subsequently to delayed cerebral vasospasms [2,
5]. These pathophysiological changes lead to the disruption
the blood-brain barrier (BBB) and consequently to cerebral

edema [2]. ROS induce enzymes of apoptotic pathways such
as p53 and caspase-3 and caspase-9 leading to cell death [7].
Oxidative stress in EBI could be linked to cerebral vasospasms and delayed cerebral ischemia (DCI). The changed
levels of vasodilators (NO) and vasoconstrictors (endothelin 1) or tissue unresponsiveness can lead to microvascular
dysfunction and to cerebral vasospasms [8, 9]. Furthermore,
microvascular dysfunction can lead to parenchymal hypoperfusion [8]. Cerebral vasospasms and parenchymal hypoperfusion can be linked to cell death (apoptosis, necrosis,
and autophagy) in neurons [8]. Other pathophysiological
mechanisms like microthrombosis and neuroinﬂammation,
disruption of the BBB, and the subsequent cerebral edema
also contribute to the neuronal cell death [2, 8]. Neuronal
cell death along with other complications (like hydrocephalus and systemic inﬂammatory response syndrome) can
lead to DCI.

3. Main Sources of Free Radicals in EBI
after SAH
There are several sources that contribute to excessive free
radicals’ production in EBI after SAH. The two main sites
that can tip the scales in free radicals’ favor are mitochondrial
overproduction, hemoglobin autooxidation, and inﬂammation. Additionally, endoplasmic reticulum stress can also
contribute to high free radicals’ production and consequently
oxidative stress in EBI. Finally, there are also several enzymatic pathways that can generate free radicals.
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3.1. Mitochondrial Free Radicals’ Generation. The main
source of free radicals in EBI is the leakage of superoxide
anions from mitochondria. It is caused by the ischemic disruption of the electron transfer chain [3]. In normal (physiological) conditions, electrons leak from the transport
chain and react with oxygen- (O2-) producing superoxide
anion (O2-). Superoxide is then cleared by superoxide dismutase, which converts superoxide radicals to molecular
oxygen and hydrogen peroxide [10]. However, after a
period of ischemia that occurs in EBI pathophysiology, the
mitochondria produce excessive amounts of free radicals
that can no longer be cleared by antioxidants (such as superoxide dismutase) [2]. The overload of free radicals that cannot be cleared by antioxidants then have the potential to
cause damage to lipids, proteins, and DNA [3]. In general,
the production of ROS is highest when components of the
electron transfer chain are maximally reduced [11].
Under physiological conditions, mitochondria display a
high electrochemical gradient which is generated by the
proton pumping components of the respiratory electron
transport chain. This gradient is the driving force for phosphorylation of adenosine diphosphate (ADP) to adenosine
triphosphate (ATP) and closing oﬀ Ca2+ from the cytosol.
However, EBI after SAH and the subsequent ischemia
cause an exaggerated Ca2+ accumulation in the mitochondria [12]. This accumulation leads to disruption of the
mitochondrial membrane potential and opening of membrane permeability transition pores (MPTPs) [13]. MPTPs
are multiprotein channel complexes that span the inner
and outer mitochondrial membranes, allowing solutes of
less than 1500 Daltons (Da) to cross the membrane from
the matrix to the cytosol [12, 13]. Mitochondria tries to
reestablish an electrochemical gradient by increasing substrate oxidation and O2 consumption, which leads to more
free electrons interaction with O2 and the creation of
superoxide [3]. To support this, state 4 mitochondrial respiration and decreased respiratory control ratios that are
associated with increased ROS production has been
recorded after SAH [14]. Discussion continues about the
possible pros and cons of targeting the MPTPs as a therapeutic strategy after SAH [12]. Speciﬁc molecules had been
used for the inhibition of MPTPs, such as immunosuppressant cyclosporin A and NIM811, reducing oxidative damage [12].
Mitochondrial dysfunction is also thought to contribute
to oxidative stress and the pathophysiological mechanisms
of EBI. Mitochondrial dynamics, such as mitochondrial ﬁssion and fusion imbalance, have been recently recognized
as some of the key components of mitochondrial dysfunction
[15]. Their mechanisms in attenuating oxidative stress and
apoptosis in EBI after SAH have been recently explored by
Wu et al. [15] and Zhang et al. [16].
The protein Drp1 plays an important role in the mitochondrial dysfunction [15]. Mdivi-1 is a selective inhibitor
of Drp1, a mitochondrial ﬁssion protein [15]. It has the ability to penetrate the BBB, giving it importance in CNS diseases
[15]. Mdivi-1 treatment alleviated oxidative stress during EBI
elevation of superoxide dismutase (SOD) activity and
reduced markers of lipid, protein, and DNA oxidative injury
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malondialdehyde (MDA), 3-nitrotyrosine (3-NT), and 8hydroxy-2 ′ -deoxyguanosine (8-OHdG) [15].
Zhang et al. [16] researched docosahexaenoic acid
(DHA) eﬀects on EBI after SAH. DHA is an omega-3 fatty
acid. In in vitro study using OxyHb to simulate the eﬀects
of hemorrhagic stroke [16–18], DHA attenuated mitochondrial disorders (ﬁssion and fusion imbalance), which possibly
contributes to its antioxidative and antiapoptotic eﬀects [16].
The mechanism of DHA neuroprotective properties has to
do with decreased mitochondrial fragmentation in after
SAH as well as the expression of Drp1 [16]. Furthermore,
DHA was able to improve neurological deﬁcits and attenuate
brain edema, as well as signiﬁcantly limit the increase of
SAH-induced oxidative stress and apoptosis [16]. Taken
together, oxidative stress induced by an imbalance of mitochondrial dynamic was improved by DHA in both in vitro
and in vivo conditions [16]. Suggesting that improved mitochondrial dynamics may be responsible for the antioxidative
eﬀects of DHA.
3.2. Endoplasmic Reticulum Stress. Another important mechanism that is linked with oxidative stress is an endoplasmic
reticulum (ER) stress. Their interaction has been found in
acute central nervous system injuries, such as EBI after
SAH [19]. EBI causes ROS overproduction, leading to the
disorder of ER redox and cell apoptosis [19]. ER stress leads
to ROS overproduction making it a vicious cycle and further
worsening the oxidative damage [20]. Combination of therapies that would alleviate both stresses could be of potential
therapeutic interest. Resveratrol has been shown to reduce
both oxidative and ER stresses [21]. ER stress was also shown
to be alleviated by apelin-13 through inhibition of activating
transcription factor 6 (ATP6) in EBI after SAH [22], thus,
alleviating ER stress-mediated neuronal apoptosis [22]. Similarly, apelin-13 has been shown to alleviate ER stress via the
apelin receptor (APJ) through the AMPK/TXNIP/NLRP3
signaling pathway, which downstream signaling results in
inﬂammation and cellular apoptosis [23–25].
3.3. Hemoglobin Free Radicals’ Generation. Another major
source of free radicals and oxidative stress in the pathophysiology of EBI after SAH is autooxidation of hemoglobin. The
introduction of oxyhemoglobin (oxyHb) into the subarachnoid space and consequently to the cerebrospinal ﬂuid
(CSF) is a major producer of superoxide anion (O2-) and
hydrogen peroxide (H2O2) as it goes through autooxidation
to methemoglobin [3]. The iron ion liberated from oxyHb
propels the generation of hydroxyl radical (OH-) from O2and H2O2 (both from metHb) [26]. Interaction between
metHb and oxyHb with H2O2 also generates ferryl hemoglobins (HbFe4+), which are strong oxidizing agents [26].
Many studies mention the oxidizing eﬀects of hemoglobin on lipids, proteins, and DNA [3, 26, 27]. Products of
hemolysis in the subarachnoid space also increase cytochrome c-mediated DNA fragmentation [27]. A study by
[26] found an increased nonheme iron and iron-handling
proteins during EBI. They also introduced iron chelator
DFX into the system that helped reduce SAH-induced cell
damage and changes related to hemoglobin-related oxidative
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stress, making it a possible therapeutic target for patients
with SAH [26].
3.4. Enzymatic Free Radicals’ Generation. Besides free radicals
generated by mitochondria and hemoglobin autooxidation,
there are several other enzymatic pathways that can produce
free radicals. The intracellular accumulation Ca2+ in neurons
(due to extracellular hemoglobin and ischemia) can produce
free radicals through activation of several prooxidative mechanisms like phospholipases, nitric oxide synthase, NADPH
oxidase, and xanthine oxidoreductase.
3.4.1. Arachidonic Acid Derivates. Arachidonic acid (AA) is
released from phospholipids in the cytoplasmic membrane
by phospholipase A2 (PLA2). AA is then processed by cyclooxygenase, lipoxygenase, or cytochrome P450, where each of
these pathways can produce superoxide anion as their byproduct [28]. These mechanisms are considered to be an important source of free radicals in brain injury and ischemia [28].
Increased PLA2 activity, as well as cyclooxygenase and lipoxygenase, has been found to follow SAH [3, 29–31]. Inhibition
of these pathways had a positive clinical impact (on vasospasms), but it is unclear if it was through reduction of oxidative stress. A study by [32] focused on inhibition of
leukotriene B4 (LTB4). LTB4 is a highly potent chemoattractant for leukocytes (mainly neutrophils). LTB4 is generated
from arachidonic acid (AA) by cytosolic phospholipase A2,
5-lipoxygenase, and leukotriene A4 hydrolase [33]. Activated
neutrophils are a source of oxidative stress because of their
respiratory burst and are drawn to the subarachnoid space
by, among others, LTB4 [34]. Reduced LTB4-driven neutrophil inﬁltration decreases ROS and MDA and increases levels
of SOD and glutathione peroxidase (GSH-Px) during EBI
[32]. Therefore, inhibition of LTB4 synthesis may decrease
the neutrophil-generated oxidative stress. Furthermore,
blockage to LTB4 synthesis reduces translocation of nuclear
factor kappa B (NF-κB) and its DNA-binding activity [32].
It leads to the alleviation of the NF-κB-mediated inﬂammation during EBI after SAH [32]. Furthermore, the reduction
of synthesis of LTB4 could decrease neutrophil recruitment
to the brain parenchyma after SAH. The speciﬁc mechanism
of LTB4/NF-κB-mediated inﬂammation remains unknown.
3.4.2. Nitric Oxide in Early Brain Injury. Generally, there are
two main systems that play crucial role in oxidative stress
after EBI. One of them is the oxygen-based free radicals
and the other is nitrogen-based free radicals. Nitric oxide
has a versatile function in the CNS. It is an important regulator of the cerebral blood ﬂow (CBF); it inhibits platelet adherence, reduces adherence of leukocytes, suppresses vessel
injury, acts as a neurotransmitter and ﬁnally a free radical [9].
Nitric oxide (NO) as a free radical (NO•) is generated by
nitric oxide synthase (NOS). NOS has three isoforms: endothelial (eNOS), inducible (iNOS), and neuronal (nNOS)
[35]. Two main two types involved in EBI are iNOS and
nNOS [35]. NO⋅ levels in the ﬁrst 24 hours after SAH
decrease, recover, and increase, making it a very dynamic
process [9]. Cerebral ischemia increases NOS activity and
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gene expression [36]. In EBI, around hour 6 after the initial
bleeding, the major producer of NO⋅ is iNOS [9].
There are three main phases of the NO activity that are
described in EBI. Information about phase I and II come
from experimental animal studies. Phase III has been studied
in both animals and humans [37]. Phase I describes the ﬁrst
hours after SAH and is characterized by an acute decrease in
cerebral NO level [38]. Cerebral vessels are constricted and
CBF is reduced [39]. NO-dependent vasodilation is impaired
in this early stage of EBI after SAH [39]. However, NO donor
increases the reduced CBF at this stage [39]. Interestingly, in
occlusive ischemic stroke, there is an increase in cerebral NO
in phase I. Phase II deﬁnes hours 1-6 in which NO levels
recover to their baseline [9]. The CBF remains reduced,
which suggests that NO produced during phase II is unable
to recover the initial CBF [40]. Also, NO donor has little
eﬀect on CBF [9]. Phase III encompasses the rest of the EBI
period (hour 6-72) [9]. Arterial response to NO is reduced
at this stage, possibly due to alterations in cGMP pathways
[41]. Increase in NO levels in phase III has been linked to oxidative damage in the brain [9].
NO⋅ can interact with O2- to form peroxynitrite (ONOO-),
which can then turn into OH- [42]. O2-, ONOO-, and OH- are
neurotoxic free radicals, damaging the cell and leading to cell
death [42]. The presumed mechanisms of NO oxidative damage involve lipid peroxidation of the cell membranes and DNA
and mitochondrial damage, leading to apoptosis [9].
On the other hand, NO⋅ could have beneﬁcial eﬀects on
the cerebral blood ﬂow [39, 43]. In addition, it has been
hypothesized that NO⋅ may also possess neuroprotective
properties due to its ability to modify the NMDA receptor
response and reduce toxicity [43].
3.4.3. NADPH Oxidase. NADPH oxidase (NOX) is a
membrane-bound enzyme complex found on the extracellular
side of the cytoplasmic membrane and may produce O2- [44].
NOX has been found to contribute to oxidative stress in
in vitro studies [45] and increased expression of NOX in
SAH could be associated with elevated oxidative stress [46].
Reduction of NOX-associated free radicals’ generation was
associated with reductions in mortality, neurological deﬁcits,
and neuronal cell death [46]. Direct inhibition of NOX in
EBI after SAH has not yet been studied in SAH.
3.4.4. Xanthine Dehydrogenase. Xanthine dehydrogenase
(XDH) is an enzyme homodimer found among others in the
endothelium [47]. It is involved in the oxidative metabolism
of purines creating uric acid [47]. XDH does not produce free
radicals directly, rather it is converted to xanthine oxidase
(XO) during ischemia, hypoxia, and excitotoxicity [47]. XO
then catalyzes the oxidation of hypoxanthine to xanthine creating uric acid, O2- and H2O2 [3]. The general impact of XO
inhibition during SAH is being discussed because of other
more signiﬁcant pathways that generate free radicals.

4. Disruption of Antioxidant Mechanisms
There are several protective systems that try to balance out
the production of free radicals. Superoxide dismutase
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(SOD), glutathione peroxidase (GSH-Px), and catalase
(CAT) are important enzymatic scavengers during normal
cellular respiration [3]. However, in EBI after SAH, these systems become downregulated, overwhelmed, or modulated
leading to reduction of their antioxidative capacities [14].
Under physiological conditions, SOD produces H2O2
from O2-; H2O2 is then scavenged by GSH-Px to prevent formation of the more dangerous OH- [48]. However, in SAH,
there is an increased activity of Cu-SOD and Zn-SOD and
an increase in the SOD/GSH-Px ratio [14]. This leads to
excess production of OH- which cannot be scavenged by
GSH-Px, meaning increased SOD/GSH-Px ratio has the
potential to be a signiﬁcant source of free radicals.
Several molecules have been studied due to their antioxidant capacity for alleviating oxidative stress in EBI after SAH
[16, 21, 49–52]. Resveratrol was studied as one such molecule
by Xie et al. [21]. Resveratrol is a natural phenol with broad
bioactive capacity. Resveratrol treatment decreased the
excessive production of ROS and MDA, which are indicators
of oxidative stress [21]. Resveratrol has been reported to
inhibit protein carbonylation and nitration and lipid peroxidation, attenuating oxidative stress [21]. Furthermore, resveratrol has an antioxidant capacity of activating
endogenous mechanisms, such as upregulation of Nrf2 and
HO-1 in EBI after SAH [21]. Under pathological conditions,
such as oxidative stress during EBI, the Nrf2 pathway gets
activated and triggers the antioxidant enzyme expression,
including HO-1, attenuating cellular oxidative stress [53,
54]. HO-1 exerts its antioxidant properties by catalyzing the
degradation of heme [55]. Therefore, induction of the Nrf2
and HO-1 systems result in protective mechanisms against
cellular oxidative stress. Another molecule, cysteamine, was
studied by Zhang et al. [51]. Cysteamine is a product of coenzyme A degradation. Intraperitoneal administration of cysteamine was shown to have positive antioxidative and
antiapoptotic eﬀects in EBI after SAH [56]. Similar to other
molecules discussed in this review, cysteamine reduced
ROS, MDA, 3-NT, and 8-OHdG levels and increased GSHPx activity [56]. The mechanism of eﬀect of cysteamine is
not yet known.

5. Molecular Signaling
Molecular signaling, diﬀerent intracellular pathways, their
interactions, and eﬀects are important for our understanding
not only of the mechanisms of oxidative stress after EBI but
also generally the pathophysiology of SAH. Although our
knowledge in this ﬁeld is still limited, there are some known
mechanisms that may help understand the underlying mechanisms of what is happening inside the cell because of oxidative stress during EBI.
An important signaling pathway that gets activated in
EBI after SAH is proapoptotic (and proinﬂammatory)
mitogen-activated protein kinase (MAPK) [51, 57]. Oxidative stress is a strong inducer of MAPK signaling [50]. Antioxidants have been shown to attenuate the MAPK pathway
signaling [58]. Antioxidant naringin was found to restore
the decreasing levels of SOD, CAT, and GSH-Px [59]. Naringin has also reduced levels of phosphorylated ERK1/2, JNK,
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and p38, which are downstream molecules of MAPK signaling [59]. This indicated that naringin could have potential
antiapoptotic and antioxidative eﬀects due to its targeting
of MAPK signaling.
In addition, Dou et al. [60] have studied the involvement
of tumor necrosis factor receptor-associated factor 6
(TRAF6) on oxidative stress. TRAF6 is a protein with ubiquitin ligase activity that mediates signal transduction from
members of the TNF receptor superfamily [60]. Toll-like
receptor 4 (TLR4) has also been suggested as an upstream
molecule (receptor) of the TRAF6 signaling pathway [60].
TRAF6 plays a possible role as an intersection between activating NF-κB pathway, which is an important regulator in
immune development, immune response, inﬂammation,
and cancer, and MAPK/ERK pathway, which controls adaptive responses to intracellular and extracellular stresses [60–
63]. The ﬁnal downstream molecules NF-κB and AP-1 then
can add to a great number of pathophysiological processes.
TRAF6 levels increase during EBI (peaking at 24 hours)
[60]. The connection between TRAF6 and oxidative stress
in EBI after SAH may lie in its capacity to mediate the production of ROS and ability to translocate to mitochondria
and ubiquitinate ECSIT, which is important for assembly
and stabilization of respiratory complex I, and consequently
to further increasing production of ROS in mitochondria
[60]. Thus, administration of TRAF6 inhibitors could be of
a potential interest in the reduction of oxidative stress in
EBI. Liu et al. [64] has shown the TRAF6 inhibitor (sophoridine) potential in reducing the size of infarctions in ischemic
injury.
In addition, another pathway, possibly involved in signaling due to oxidative stress in EBI, is the Mas/PKA/CREB/UCP-2 pathway [65]. Mo et al. [65] studied AVE 0991
which through this pathway reduced oxidative stress and
neuronal apoptosis in EBI around hour 24 after the onset of
bleeding. AVE 0991 (AVE) is a nonpeptide analog of angiotensin (1-7) [65]. It signals through receptor Mas, which is a
G-protein coupled receptor and has been identiﬁed as a component of the renin-angiotensin system in the brain [65]. The
suggested mechanism of reduced oxidative stress and neuronal apoptosis involves upregulation of PKA-C alpha, phosphorylated CREB, a transcription factor, UCP-2, which is a
controller of mitochondria-derived reactive oxygen species,
and Bcl-2, apoptosis regulatory protein [65], as well as the
downregulation of Bax, which is an apoptotic activator, and
Romo-1, which can induce production of reactive oxygen
species during EBI [65].

6. Molecular Mechanisms of Free Radicals
Mediated Early Brain Injury
Oxidative stress or consequently free radicals lead to neuronal damage by promoting lipid peroxidation, protein breakdown, DNA damage which in turn contributes to
apoptosis, endothelial dysfunction, and blood-brain barrier
(BBB) disruption [3]. The eﬀects of oxidative stress known
as lipid peroxidation alter membrane ﬂuidity and permeability [27]. Oxidation of proteins can change the functions of
enzymes and receptors.
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Free radicals’ damage can also initiate apoptotic cascades
or shift them into necrosis [66, 67]. Apoptosis has been
shown to be induced by oxidative stress, either by increasing
p53, induction of cytochrome c release, and activation of
caspase-9 and caspase-3, or through p38 mitogen-activated
protein kinase (MAPK) and signal-regulated kinase- (ERK) mediated apoptosis [66, 67]. Some studies [50, 68] focus
on molecules (apigenin, paeoniﬂorin) that could be of potential therapeutic interest because of their antioxidative and
antiapoptotic eﬀects. Apigenin (API) is a ﬂavone naturally
occurring in plants (it is mainly isolated from Hypericum perforatum) [50]. It has been found that API can reduce the concentration of ROS and elevate levels of GSH-Px and SOD
during EBI after SAH [59], although the underlying mechanism has not been described. It was also reported that API
could have antiapoptotic eﬀects due to its ability to reverse
the upregulation of Bax and caspase-3 [59]. Bax-dependent
caspase-3 has been reported as the initiation molecule of neuronal apoptosis [69]. Oxidative stress upregulates Bax and
caspase-3 during EBI after SAH [59]. API also has antiinﬂammatory eﬀects through the inhibition of the TLR4mediated inﬂammatory pathway [70]. Taken together, API
is a molecule of great potential in EBI after SAH due to its
antioxidative, anti-inﬂammatory, and antiapoptotic properties, nevertheless further research is still needed. Similar
results as with API were reached with paeoniﬂorin. Paeoniﬂorin is a natural monoterpene glucoside from the root of
Paeonia lactiﬂora [68]. Paeoniﬂorin was able to decrease
levels of proinﬂammatory cytokines IL-1β, IL-6, and TNFα,
which are upregulated during EBI [68]. Similar to API, the
concentration of ROS has decreased and levels of GSH-Px
and SOD have increased during EBI after SAH [68]. Antiapoptotic eﬀects through Bax-dependent caspase-3 were also
observed [68].
Blood-brain barrier (BBB) disruption is an important
part of the SAH pathophysiological mechanisms. Microvessels and their tight junctions help to constitute the BBB and
have been shown to be disrupted in EBI, because their endothelial cells are susceptible to injury by oxidative stress [71].
This eﬀectively leads to BBB dysfunction and subsequent
cerebral edema. Antioxidants (edaravone and curcumin)
have been shown to prevent MMP-9 expression and activation [49, 52]. Subsequently blocking MMP-9 mediated degradation of claudin-5 and occludin, damaging tight junctions
[49, 52]. The speciﬁc regulatory signal of MMP-9 is still
unknown, but possible candidates and interleukin- (IL-) 1β,
IL-6, tumor necrosis factor-α (TNFα), and NF-κB [49].

7. Clinical Implications and Future Directions
As mentioned above, there are many sources of free radicals’
production in the EBI after SAH. There is also promising
potential for using free radicals’ scavengers, antioxidants,
and reinforcing the innate antioxidative mechanisms that
already exist in the brain. Many of these compounds, like
DHA [16], resveratrol [21], API [50], paeoniﬂorin [68], and
ebselen [72], have been described in this review. These antioxidants have been used in clinical and experimental trials
with promising results.
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Some clinical research has also been focused on the use of
antioxidant micronutrients like vitamins C and E, copper,
selenium, and zinc [73]. The overall results of Berger et al.’s
[73] study did not ﬁnd signiﬁcant all-around improvement
of SAH patient’s conditions, which is understandable due
to the many pathophysiological mechanisms of SAH. However, the administration antioxidant micronutrients signiﬁcantly blunted the associated inﬂammation [73].
The suggested therapeutic window is diﬃcult to pinpoint
because of the lack of a larger clinical research. However,
based on the article by Bergen et al. [73] article, the micronutrient antioxidant intervention started at 24 hours after the
initial bleeding. For the ﬁrst 2 days, they used double dosage,
and for the last 3 days, they used therapeutic dose as
described in their article.
Other pharmacological research has focused on the use of
lipid peroxidation inhibitor tirilazad and the superoxide
scavenger PEG-SOD [74]. The therapeutic window for
PEG-SOD is around 4 hours after the initial bleeding and tirilazad has the therapeutic window of 1 to 4 hours after the
initial bleeding [74]. The results for both antioxidant drugs
failed to produce the desired results [74]. However, tirilazad
produced statistically signiﬁcant increase in survival [74].
Therefore, further research with an LP-inhibiting antioxidant
might be more relevant to the treatment of SAH.
Although the practical applicability of antioxidative
treatment is still limited, the potential for therapeutic use
exists and is worth investigating. Currently, there is no antioxidative treatment being routinely used in SAH patients. It
can be contributed to the fact that oxidative stress is merely
one parameter of a boarder EBI problematic. However, it is
possible that targeted antioxidant therapy could be eﬀective
as one component of a larger treatment regime that would
address the many components and mechanisms that are
involved in EBI after SAH.

8. Conclusion
The content of this article could be summarized as a review of
various aspects of oxidative stress associated with early brain
injury (EBI) after subarachnoid hemorrhage (SAH). Mechanisms of oxidative stress after EBI are a subject of an extensive research. EBI and oxidative stress, as a part of its
pathophysiology, are of great importance in understanding
the complex mechanisms of SAH. Mechanisms that can lead
to severe complications (like cerebral vasospasms (CVS),
delayed cerebral ischemia (DCI), and delayed ischemic neurological deﬁcit (DIND)) get activated within minutes after
the onset of bleeding. That is why the focus of SAH research
has been shifting towards EBI.
Under physiological conditions the brain is able to deal
with the generation of ROS through diﬀerent antioxidative
mechanisms. However, when there is such an excessive production of free radicals like in SAH, the antioxidative capacities are overused. It has serious negative eﬀects and worsens
the conditions and general outcome.
Oxidative stress comes from several sources in EBI after
SAH. Mitochondrial disruption and subsequent endoplasmic
reticulum stress play an important role in excessive production
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of ROS. Hemoglobin autoxidation and various interactions of
OxyHb and MetHb also lead ROS overproduction. Unregulated enzymatic pathways like xanthine dehydrogenase,
NADPH oxidase, NOS, and derivates of arachidonic acid processing can also be a major source of ROS.
The importance of studying oxidative stress after EBI lies
in its multisource nature. Oxidative stress is among others
involved in apoptosis, endothelial dysfunction, and BBB disruption. This is due to the ability of ROS to cause lipid peroxidation, protein breakdown, and DNA damage.
Oxidative stress after EBI poses as a potential therapeutic
target and needs to be examined and understood in more
detail. It would be helpful to integrate basic oxidative stress
research of molecular signaling with SAH-speciﬁc characteristics. Further research in this ﬁeld could provide a better care
for SAH patients.
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