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Abstract
Germinal matrix hemorrhage (GMH) can be a fatal condition responsible for the death of 1.7% of all neonates in the 
USA. The majority of GMH survivors develop long-term sequalae with debilitating comorbidities. Higher grade GMH is 
associated with higher mortality rates and higher prevalence of comorbidities. The pathophysiology of GMH can be broken 
down into two main titles: faulty hemodynamic autoregulation and structural weakness at the level of tissues and cells. 
Prematurity is the most significant risk factor for GMH, and it predisposes to both major pathophysiological mechanisms of 
the condition. Secondary brain injury is an important determinant of survival and comorbidities following GMH. Mechanisms 
of brain injury secondary to GMH include apoptosis, necrosis, neuroinflammation, and oxidative stress. This review will 
have a special focus on the mechanisms of oxidative stress following GMH, including but not limited to inflammation, 
mitochondrial reactive oxygen species, glutamate toxicity, and hemoglobin metabolic products. In addition, this review will 
explore treatment options of GMH, especially targeted therapy.
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Abbreviations
Bcl-2/Bax  B cell lymphoma protein 2/Bcl-2-associated 

X
H2O2  Hydrogen peroxide
IVH  Intraventricular hemorrhage
NADPH  Nicotinamide adenine dinucleotide phosphate
NLRP3  Nucleotide-binding domain-like receptor 

protein 3
NMDA  N-methyl-d-aspartate
NMDAR  NMDA receptors

NO  Nitric oxide
NOS  Neuronal nitric oxide synthase
NOX  NADPH oxidase
ONOO-  Peroxynitrite
O2

-  Superoxide
PPARγ  Proliferator-activated receptor-gamma
ROS  Reactive oxygen species
TH  Therapeutic hypothermia
Wnt  Wingless/integrated
OH  Hydroxyl radical

Introduction

Germinal matrix hemorrhage (GMH), including perive-
ntricular and intraventricular hemorrhage, is a common 
complication of preterm infants [1], predisposing them 
to cerebral palsy, cognitive deficits, and posthemorrhagic 
hydrocephalus [2–6]. GMH accounts for 1.7% of all neonatal 
deaths in the USA and occurs in approximately 3 per 1000 
live births [7]. The germinal matrix is a specialized area in 
the brain where neuronal and glial cell differentiation takes 
place and is considered a site of rapid angiogenesis relative 
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to other parts in the brain [8, 9]. The germinal matrix is 
located in the subependyma of ventricular walls, is usually 
prominent from 7 to 8 weeks of gestation, and almost disap-
pears by 36–37 weeks [10–12]. The rich vascular network 
of the matrix is thin and fragile, which makes it inherently 
weak and vulnerable to hemorrhage in abnormal conditions 
[7]. Premature and very low birthweight infants are prone 
to hemodynamic and cardiorespiratory instability, leading 
to abrupt fluctuations in cerebral blood flow [10], which 
is largely impacted by the lack of adequate autoregulatory 
mechanisms in the immature brain. Moreover, male neo-
nates have higher risk of developing intraventricular hemor-
rhage (IVH), as compared to female neonates [13]. In fact, 
male and female infants have different neurodevelopmen-
tal profiles, as well as injury response and physiological 
repair mechanisms, owing but not limited to anatomic and 
hormonal differences [14]. In premature infants, girls have 
lower cerebral blood flow than boys of similar gestational 
and postnatal age [15], in addition to sexual dimorphism in 
processes of cell proliferation, cell death, and mitochondrial 
mechanisms [14].

Whereas hemorrhage originates in the germinal matrix of 
the developing brain, it might often disrupt the ependymal 
lining, extend into the lateral ventricles, and in severe cases 
into the brain parenchyma [16, 17]. Currently, there are no 
standardized protocols to prevent or treat GMH; therefore, 
thorough understanding of the biological processes involved 
in the pathogenesis of GMH and in the development of sec-
ondary brain injury are necessary to develop new therapies.

GMH-induced brain injury consists of two different 
phases: primary injury that is caused by the mass effect of 
the hematoma and secondary injury caused by hemoglobin 
degradation products, inflammation, death of neurons and 
glia, microglia activation, excitotoxicity, and oxidative stress 
[18–22], mechanisms that are interdependent and ensue syn-
chronously. Oxidative stress is described as a state of imbal-
ance between formation of strong oxidants and physiologic 
antioxidant capacity [23]. Reactive-free radicals include 
reactive oxygen species (ROS) such as singlet oxygen (1O2), 
superoxide anion  (O2

-), hydroxyl radical (OH), and hydro-
gen peroxide  (H2O2), and reactive nitrogen species (RNS), 
such as peroxynitrite  (ONOO-) [24, 25]. These are necessary 
in low to moderate concentrations for many fundamental 
cellular functions, including metabolic processes and host 
defenses [26]; however, their excessive production leads to 
oxidative damage. Reactive free radicals are intrinsically 
unstable molecules and thus react with membrane lipids, 
proteins, and nucleic acids and convert them to free radi-
cals [27]. The resulting oxidative damage to the respective 
macromolecules leads to their dysfunction and can induce 
inflammation, apoptosis, autophagy, and destruction of 
blood brain barrier (BBB) [28]. The brain is particularly 
vulnerable to oxidative damage because of its high metabolic 

activity, high levels of lipids prone to peroxidation, high 
levels of iron and copper (redox-active metals), and rela-
tively weak antioxidant capacity. Importantly, the balance of 
oxidants and antioxidants before birth is tilted towards oxi-
dant generation because of the poor antioxidant capacity of 
premature infants, which makes them highly susceptible to 
oxidative stress [29–31]. In the present work, we provide an 
overview of the mechanisms whereby oxidative stress con-
tributes to GMH-induced brain injury and discuss theoretical 
areas of possible intervention, so as to limit the severity of 
this condition and confer neuroprotection.

Secondary Brain Injury Following GMH

Brain injury following GMH is associated with poor progno-
sis and consists of two different phases—the primary injury, 
described as primary destructive injury, is mostly induced 
by the hematoma, including increased intracranial pressure 
and blockage of cerebrospinal fluid pathways, and a delayed 
secondary brain injury to the brain parenchyma attributed 
to neuroinflammation, oxidative stress, cytotoxicity of blood 
products, hypermetabolism, death of neuron and glia cells, 
arrest of preoligodendrocyte maturation, and microglia acti-
vation, all of which might lead to post-hemorrhagic ven-
tricular dilatation, periventricular leukomalacia, or diffuse 
white matter injury [5, 32, 33].

When germinal matrix blood vessel rupture, the blood 
is released into the lateral ventricles and the subsequent 
IVH results in mechanical disruption of the ventricular 
lining, facilitating the release of the blood and neural cells 
populating the periventricular subependymal germinal 
matrix into the cerebrospinal fluid [27, 34].

As a result, erythrocytes containing hemoglobin, plasma 
components, products of the coagulation cascade, plate-
lets, and leukocytes are all released into the cerebrospinal 
fluid (CSF) and participate in the pathogenesis of injury 
following IVH [4]. Hemolysis of erythrocytes, associated 
with the release of clotting factors and leukocytes into the 
CSF, releases large amounts of hemoglobin, free iron, and 
other neurotoxic substances that cross the BBB and result 
in a toxic inflammation that is widespread throughout the 
brain [27, 34, 35]. This sustained inflammation post-IVH 
is followed by a persistent oxidative stress and tissue injury 
within the white matter [34]. The developing brain is par-
ticularly susceptible to oxidative stress; as such, free radicals 
altering the redox environment of the brain will cause dam-
age to all important macromolecules resulting in lipid per-
oxidation, protein oxidation, and DNA fragmentation, which 
mainly occurs in the peri-hematoma brain tissues and have 
detrimental effects on the developing brain [33, 35].

Drastic structural modifications in the cells will occur, 
which in turn can induce inflammation, autophagy, in addi-
tion to altering multiple cell-signaling effects that prompt 



649Translational Stroke Research (2024) 15:647–658 

1 3

the initiation of apoptosis and the destruction of the BBB 
[33]. Increasing evidence imply that excessive superoxide 
generated by nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase (NOX) in cells leads to a switch from 
apoptosis to necrosis that is characterized by swelling of 
the organelles, rupturing of membranes, and release of cell 
contents [36].

In addition, activated microglia/macrophages and 
infiltrating neutrophils following intracerebral hemorrhage 
(ICH) can also directly induce cell necrosis by attacking 
complement-bound cells [37]. Moreover, disruption of 
BBB, which is an important part of the neurovascular unit 
that strictly regulates the exchange of molecules and ions 
between brain tissue and peripheral blood circulation, 
contribute to the fatality of ICH patients [33, 38, 39].

Mechanisms of Oxidative Stress Following GMH

Oxidative stress is the result of imbalance between the 
production of prooxidants and their elimination by inherent 
antioxidant mechanisms in the cell [23]. IVH is one of the 
many complications of prematurity that fall under the 
umbrella of “the oxygen radical disease of neonatology” 
as suggested by Saugstad and is thus related to oxidative 
stress [40, 41]. Whereas antioxidant defense mechanisms 
are incompletely developed in preterm newborns, several 
factors such as hypoxia, hyperoxia, infections, ischemia, 
immune response activation, mitochondrial dysfunction, 
and Fenton reaction predispose preterm infants to oxidative 
stress [40, 42].

Inflammation

In a rat model of GMH, RNA-seq analysis revealed upregulation 
of genes involved in mitochondrial functions, cell cycle 
progression, activation of immune responses, inflammation, 
and ferroptosis, in a timely manner [5].

Congruently, inflammation has been linked to oxidative 
tissue injury where oligodendrocyte progenitor cells (OPCs) 
were particularly vulnerable to oxidative stress in a rat model 
of mild to moderate grade of clinical IVH [34]. Experimen-
tal IVH was shown to incite a rapid wave of cytokine pro-
duction, an effect that subsides relatively quickly but is fol-
lowed by elevated oxidative stress. In parallel, another study 
in a rabbit model of IVH depicted NOX as the main source 
of cerebral free radical production [43]. NOX is expressed 
on the surface of neutrophils and macrophages and stimu-
lates the production of ROS in response to extracellular sig-
nals such as hormones and cytokines. Activated microglia 
and infiltrated neutrophils produce large amounts of ROS 
and nitric oxide (NO) alongside their release of cytokines 
and proteases [33]. In the meantime, large amount of super-
oxide dismutase is consumed to remove free radicals while 

myeloperoxidase is produced, and this eventually leads to 
lipid peroxidation at the site of injury [33, 44]. Peroxidated 
lipids destroy several structures including mitochondrial 
membranes, which results in loss of membrane function 
and formation of mitochondrial permeability transition pore 
[45].

Mitochondrial Dysfunction

Besides, the activated mitochondria act as another important 
source of ROS. Mitochondria are the cellular energy 
factories that produce ATP via oxidative phosphorylation, 
but also generate oxygen free radicals as a biproduct of 
its respiration under physiologic conditions [46]. Oxygen 
radicals that escape antioxidant mechanisms can damage 
proteins, lipids, and DNA. Meanwhile, mitochondrial ROS 
has been depicted as a major trigger of nucleotide-binding 
domain-like receptor protein 3 (NLRP3) inflammasome, 
a component of innate immunity that has been shown to 
amplify the inflammatory response following ICH and 
accordingly contribute to oxidative damage [47]. These data 
demonstrate the bilateral interaction between inflammation 
and ROS, whereby inflammation is triggered by ROS and 
at the same time acts as an important source of free radicals 
through the activated immune cells.

Excitatory Aminoacids

Nevertheless, glutamate toxicity is another pathological pro-
cess that enhances ROS production. Glutamate is an excita-
tory neurotransmitter, which acts through N-methyl-d-aspar-
tate (NMDA) receptor, a ligand gated ion channel to increase 
cerebral blood flow via nitric oxide-mediated vasodilation by 
upregulating constitutive and inducible nitric oxide synthase 
(NOS) [27, 48]. Studies have shown that glutamate release is 
increased but its uptake is reduced after ICH, so that exces-
sive glutamate results in sustained activation of NMDA 
receptors in postsynaptic neurons [49]. This promotes  Ca2+ 
influx and intracellular  Ca2+ overload, activates neuronal 
nitric oxide synthase (nNOS) and NADPH oxidases (NOXs), 
and results in synthesis of large amounts of neuronal nitric 
oxide and superoxide, whose concomitant interaction forms 
another harmful compound—peroxynitrite [33, 50].

Metabolic Products of Hemoglobin

Moreover, hemoglobin and its metabolic products also con-
tribute to ROS production through Fenton-type reactions 
[27]. In the presence of superoxide anion generating sys-
tem (hypoxanthine and xanthine oxidase), free hemoglobin 
promotes hydroxyl radical formation through the reaction 
between ferrous heme iron and  H2O2, which enhances the 
peroxidation of membrane lipids [22]. Following ICH, red 
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blood cells degrade and release hemoglobin, which in turn 
results in hemin, the oxidized form of heme. The latter is 
highly cytotoxic due to the large amount of ROS it can pro-
duce. In fact, hemin is decomposed into bilirubin, free iron 
(Fe2+), and carbon monoxide by heme oxygenase [51]. The 
free Fe2+ can generate one of the most reactive oxygen radi-
cals by catalyzing the conversion of superoxide  (O2-) and 
 H2O2 into hydroxyl radical (OH-) via Fenton reaction [52]. 
Iron overload induces toxicity via mechanisms that include 
ferroptosis, an iron and lipid peroxidation-dependent form of 
death [53, 54], and neuronal toxicity of iron via transferrin 
receptor transfer system [55].

Targeting Oxidative Stress Cascades as Treatment Following 
GMH

Given the central role of oxidative damage in GMH sec-
ondary injury, several approaches to cope with oxidative 
stress are suggested here although most of these are not yet 
included in clinical trials.

Therapeutic Hypothermia Therapeutic hypothermia (TH) 
has been the standard of care for term and late-preterm 
infants following hypoxic-induced encephalopathy [27, 56]. 
Neonates core temperatures are maintained at 33.5 °C for 72 
h starting within the first 6 h after delivery [57]. The thera-
peutic effect is meant to reduce the extent of secondary cer-
ebral energy failure following the primary/hypoxic-ischemic 
insult and to dampen the apoptotic burden [58, 59]. This 
is primarily achieved through downregulating the cerebral 
energy metabolism, which decreases the amount of oxygen 
readily available for the formation of oxygen-based free radi-
cals following reperfusion, thus limiting the oxidative burst 
[60, 61]. Moreover, TH reduces the release of glutamate and 
thus protects against neuronal excitotoxicity [59, 61].

Melatonin Furthermore, melatonin is an endogenous 
hormone produced by pineal gland and regulates the 
circadian rhythm of the organism. Melatonin has anti-
inflammatory, antioxidant, and anti-apoptotic properties 
[62, 63], and owing to its lipophilic nature, it can easily 
cross the BBB and thus might be neuroprotective in 
GMH [64]. The antioxidant role of melatonin has been 
well studied by Wang and colleagues, among others, who 
showed that melatonin treatment following ICH reduces 
the expression level of NOX-1 and NOX-2 and decreases 
the levels of ROS in brain tissues [62, 63]. In another 
study of ischemic/hypobaric hypoxia model, melatonin has 
been shown to play a major role not only in scavenging 
superoxide but also in downregulating inducible NOS 
and promoting the effect of nNOS, thus maintaining a 
balance in the NO production and protecting against 
nitrosative damage [65]. In addition, melatonin increased 

the levels of antioxidants; heme oxygenase (HO-1) and 
quinone oxidoreductase (NQO1), possibly via activation 
of the main regulatory system protecting cells against 
oxidative damage- the nuclear factor erythroid-2-related 
factor/antioxidant response element (Nrf2/ARE) signaling 
pathway, thus further contributing to neuroprotection 
against oxidative stress. Regarding its antiapoptotic effect, 
treatment with melatonin dampened the upregulation 
of apoptotic molecules (cleaved caspase 3 and cleaved 
PARP) and maintained the antiapoptotic/apoptotic balance 
in favor of anti-apoptosis by increasing the ratio of B cell 
lymphoma protein 2/Bcl-2-associated X (Bcl-2/BAX) in 
the brain tissue following ICH. In addition, treatment of 
the brain tissue samples with melatonin following ICH 
increased the number of surviving neurons compared to 
control groups. In another aspect, melatonin protected 
against mitochondrial damage, where it decreased the 
levels of cytochrome c in the cytoplasm following ICH 
[63].

Iron Chelators On the other hand, given that iron release 
into the CSF is one of the chief contributors to oxidative 
stress-induced injury phenotype following IVH, iron chela-
tors are recognized as potential therapeutics. Deferoxamine 
is one of those chelators that can bind free plasma iron as 
well as excess iron within tissues and might reduce the gen-
eration of reactive hydroxyl radicals by inhibiting Fenton 
reaction [66]. Interestingly, deferoxamine has been shown to 
decrease the concentrations of iron and ferritin in the brain 
tissue and CSF after cerebral hemorrhage and thus decrease 
the incidence of hydrocephalus in a rat model of IVH [67]. 
In addition, it also protected against subarachnoid fibrosis 
that ensues after cerebral hemorrhage by downregulating 
the expression of Wingless/Integrated 1 (Wnt1) and Wnt3a 
proteins in brain tissue, given that Wnt signaling pathway 
has been involved in the development of fibrotic lesions in 
variety of tissues [67–69]. Moreover, deferoxamine treat-
ment improved long-term motor and cognitive function of 
rat pups post-GMH by reducing cortical, basal ganglia, and 
white matter loss in addition to posthemorrhagic ventricular 
dilation [70].

Minocycline, a second-generation tetracycline, is 
another iron-chelator with broad-spectrum mechanisms, 
which suggests its potential importance in GMH 
treatment. Minocycline has been shown to suppress the 
upregulation of ferritin after GMH, reduce brain edema, 
hydrocephalus, and brain damage in GMH rats and improve 
long-term neurological outcomes [71]. Nevertheless, its 
neuroprotective effect in GMH might not be limited to 
iron regulation, but could be similar to its protective effect 
in ICH models where it has been shown to reduce BBB 
permeability by downregulating matrix metalloproteinases 
(MMPs) expression and inhibiting neutrophil infiltration, 
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macrophage activation, and production of inflammatory 
mediator tumor necrosis factor alpha (TNF-α) and 
interleukin-1 beta (IL-1β) [72]. Importantly, combination 
therapy of minocycline and deferoxamine reduced the extent 
of brain damage, neuronal death, and the activation of 
microglia/macrophages after ICH [73]. These observations 
indicate that iron chelators might be neuroprotective 
through reducing iron-triggered oxidative stress.

Peroxisome Proliferator‑Activated Receptor‑Gamma 
Agonists Besides, the peroxisome proliferator-activated 
receptor-gamma (PPARγ) is a ligand-activated transcription 
factor with a potential candidacy for GMH treatment. PPARγ 
plays important role in augmenting the phagocytosis activity 
of microglia/macrophage and regulating oxidative stress 
and inflammation [33]. PPARγ stimulation has essentially 
been shown to improve the long-term neurological function 
post-GMH in neonatal rats with significant reduction in 
cortical and white matter loss as well as reduction in post-
hemorrhagic ventricular dilation [74]. Treatment with PPARγ 
agonist augmented phagocytosis and consequently improved 
hematoma resorption by upregulating CD36 phagocytic 
receptor expression, together with decreasing the amount 
of extracellular  H2O2 produced during phagocytosis and 
downregulating the expression of proinflammatory genes, 
especially those for TNF-a, IL-1b, MMP-9, and inducible 
NOS, while protecting neurons form secondary injury 
during this process [74, 75]. Meanwhile, the lipid lowering 
agent, Simvastatin, has been shown to increase hematoma 
absorption ratio, reduce ventricular volume, and attenuate 
neurological dysfunction in rats post-IVH [76], in part 
by upregulating CD36. Consistently, simvastatin showed 
similar effects of improving neurological functioning in an 
ICH rat model, but through activating PPARγ. Therefore, 
we postulate that simvastatin might act through PPARγ 
activation to exert its protective functions after GMH.

Other Potential Agents Moreover, other agents can directly 
target oxidative stress such as the synthetic antioxidant 
edaravone, a ROS scavenger. Edaravone reduced brain 
edema, and lipid peroxidation in rats following IVH, and 
repeated administration improved learning and memory 
performance [77]. In addition, hydrogen gas (H2), a potent 
antioxidant, suppressed mental retardation and cerebral 
palsy in rats, and normalized brain atrophy after neonatal 
GMH, although the mechanistic basis was not investigated 
[78]. Despite diminishing oxidative stress and brain edema 
in mouse ICH model, inhaled H2 therapy alone was not 
sufficient to improve delayed ICH clinical outcomes [79].

Albeit the promising preclinical findings of targeting oxi-
dative stress cascades, there is still no clinical evidence of 
the neuroprotective effects of these agents on GMH/IVH in 
clinical settings.

Animal Models of IVH

The field of IVH and its complications have been witnessing 
a remarkable progress throughout the last two decades, as 
a result of an enhanced understanding of the disease patho-
genesis through diverse studies conducted on animal mod-
els, as well as advances in neuro-imaging, and clinical trials 
conducted on premature infants with IVH [80].

Rabbits [81], dogs [82], lambs [83], sheep [84], rats [85], 
mice [86], and pigs [87] have been used to study GMH, 
although rodents remain the most commonly used models 
due to their well characterized neuroanatomy, brain develop-
ment processes, and synaptogenesis [88–90], making them 
comparable to human brains. Nevertheless, rodents’ brains 
at birth are less mature than the human brain and IVH do not 
occur there spontaneously [91].

Therefore, transgenic models have been developed to 
induce spontaneous bleeding. These include a transgenic 
mouse with mutations for integrin [92], a transgenic mouse 
with mutations for procollagen IV [93], and mice overex-
pressing VEGF [94]. Whereas these models exhibit brain 
complications that resemble those of IVH, high lethality 
rates limit their utility to assess long-term neurobehavioral 
outcomes and neuroinflammation mechanisms.

In addition, GM-IVH has been reproduced by other 
approaches that instigate bleeding, including glycerol- [95–97], 
blood- [85, 98, 99], or collagenase-[85, 100, 101] induced 
lesions. These models allow the identification of the exact time 
and location of bleeding, although the pathophysiology of the 
lesions hardly resembles that of preterm newborns [91].

Interestingly, GMH occurs spontaneously in 20% of pre-
mature rabbit pups [102, 103], which enables the study of 
triggering factors, and makes rabbits a good candidate model 
given the similarities between rabbits and human vascular 
structure of the basal ganglia as well as the perinatal brain 
growth, and inflammatory changes that occur around the 
lateral ventricle just like in preterm infants [103].

Discussion and Conclusion

Primary brain injury secondary to GMH is attributed to 
mechanical pressure induced by the hematoma that forms 
after ICH. The brain, during all its stages of development 
including the fully matured brain, is especially sensitive to this 
kind of injury for two reasons: the neural structures are tightly 
enclosed by the skulls, making them vulnerable to pressure; 
and the high oxygen demand of these structures. The presence 
of these factors makes the damage of primary brain injury 
spontaneous and practically unavoidable. On the other hand, 
secondary brain injury is mediated by the various mechanisms 
explained above and progresses relatively slower than primary 
brain injury and can possibly be avoided.
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The therapeutic approaches to GMH available in the 
literature to this date are summarized in this review and 
illustrated in Fig. 1. Many of these approaches are adapted from 
suggested treatments for ICH or IVH, which share a similar 
pathophysiology of secondary brain injury [104]. Management 
approaches currently available or suggested for the treatment 
of GMH, ICH, or IVH are aimed at slowing damage or in 
rare occasions stopping it, but there is no therapy aimed at 
reversing the damage yet [9, 18, 19]. Luckily, neural structures 
are capable of regeneration to a certain extent, especially in 
neonates [105]. However, the complexity of these structures and 

our limited understanding of their function makes therapeutic 
interventions at this level nearly impossible. For instance, any 
intervention to reverse brain injury in neonates would not only 
focus on preventing cell death or cell regeneration but should 
also take into consideration the synchronized development and 
function of neurons and glial cells to ensure timely maturation 
and appropriate connectivity of neural structures [106]. Thus, 
efforts to develop a therapeutic approach that might reverse 
the damage of brain injury in neonates should be focused 
on promoting the natural course of regeneration of neural 
structures rather than re-inventing the process of regeneration.

Fig. 1  Graphical illustration of the oxidative stress mechanisms 
underlying the pathogenesis of secondary brain injury following 
germinal matrix hemorrhage and the proposed therapeutic targets. 
Intraventricular hemorrhage (IVH) induces a rapid wave of cytokine 
production that activates neutrophils and macrophages. Activated 
microglia and infiltrated neutrophils produce large amounts of nitric 
oxide (NO). In addition, nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase (NOXs) expressed on the surface of these inflam-
matory cells stimulates production of reactive oxygen species (ROS) 
in response to cytokines and other extracellular signals. Minocycline 
reduces production of inflammatory mediators, whereas melatonin 
acts to maintain a balance in the NO production protecting against 
nitrosative damage. After a hemorrhagic event, glutamate release is 
increased and its uptake is reduced, which results in sustained acti-
vation of N-methyl-d-aspartate (NMDA) receptors in postsynaptic 
neurons. This promotes  Ca2+ influx and intracellular  Ca2+ overload, 
activates nitric oxide synthase (NOS) and NOXs, and results in syn-
thesis of large amounts of neuronal NO and superoxide  (O2-), whose 
concomitant interaction forms peroxynitrite (ONOO-). Therapeutic 
hypothermia (TH) reduces the release of glutamate and thus protects 
against neuronal excitotoxicity, while melatonin reduces the expres-
sion of NOX-1 and NOX-2, thereby limiting the production of ROS. 
Activated mitochondria generates ROS as a biproduct of its respira-

tion under physiologic conditions. Mitochondrial ROS acts as a major 
trigger of nucleotide-binding domain-like receptor protein 3 (NLRP3) 
inflammasome, a component of innate immunity that amplifies the 
inflammatory response. Melatonin counteracts apoptosis by decreas-
ing the levels of cytochrome C in the cytoplasm, dampening the 
upregulation of caspase 3, and increasing the ratio of B cell lym-
phoma protein 2/Bcl-2-associated X (Bcl2/BAX). In parallel, TH also 
inhibits apoptosis by affecting the levels of Bcl-2 and cytochrome C. 
Besides, Wingless/Integrated 1 (Wnt1) and Wnt3a protein expres-
sion are upregulated in brain tissues resulting in subarachnoid fibro-
sis. Deferoxamine downregulates Wnt1 and Wnt3a expression, 
thus protecting against fibrosis. On the other hand, red blood cells 
degrade and release hemoglobin following hemorrhage, which in 
turn results in hemin, the oxidized form of heme. Hemin is decom-
posed into bilirubin, free iron  (Fe2+), and carbon monoxide (CO) 
by heme oxygenase. Free Fe2+ catalyzes the conversion of  O2- and 
 H2O2 OH- via Fenton reaction. Deferoxamine and minocycline both 
act as iron chelators and can inhibit Fenton reaction and production 
of OH-. Proliferator-activated receptor-gamma (PPARγ) agonist aug-
ments phagocytosis mediated by microglia and macrophages and thus 
improves hematoma resorption, along with decreasing the amount of 
extracellular  H2O2 produced during phagocytosis. Simvastatin can act 
as PPARγ agonist (Created with Biore nder. com). 

http://biorender.com
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The fact that oxidative stress is an important determinant 
in the accumulated damage to neural structures in GMH, 
ICH, and IVH makes it a favorable target, both from a medi-
cal and an economical point of view. For instance, GMH 
occurs exclusively in neonates while ICH and IVH can 
affect almost every age group; thus, in theory, developing 
one therapeutic approach to target several conditions in a 
wide range of age groups would be appealing to experts 
and pharmaceutical companies. However, despite promising 
results of pre-clinical studies, the majority of the proposed 
treatments did not show encouraging clinical outcomes to 
date [33]. For example, the trial of deferoxamine mesylate 
on patients with ICH did not result in a significant difference 
between the deferoxamine group and placebo group [107], 
but a post hoc study found significant improvement in dis-
ability in patients with a hematoma volume of 10–30 ml only 
[108]. Delving into the outcomes of the post hoc study [108] 
reveals the complexity of the disease in question and thus 
the complexity of management that is to be proposed. Many 
factors might add to the complexity of brain hemorrhage 
pathologies. Among those factors are the unique architec-
ture of the neural tissues, special cellular interactions in the 
brain, and the distinctive regulation of blood flow in the cen-
tral nervous system. In addition, a closer look into any trial’s 
population is recommended before drawing conclusions 
since GMH occurs exclusively in neonates. However, this 
does not exclude potential benefits of suggested treatments 
in ICH or IVH if utilized in GMH. Furthermore, sex differ-
ences should also be minded in treatment strategies, given 
that male and female infants have distinct neurodevelopmen-
tal profiles. In fact, studies on prophylactic indomethacin for 
IVH prevention have demonstrated more benefits for male 
infants from this therapy and emphasized the importance 
of neonatal sex differences as part of treatment strategies 
[109, 110]. Congruently, sex-related differences were also 
observed in TH where males seemed to need deeper levels 
of hypothermia compared to females for equivalent synaptic 
protection [14, 111].

Moreover, combining multiple therapeutic approaches 
may prove efficacious. TH reduces the extent of hypoxic 
injury by decreasing the high energy demand of brain tis-
sue [27, 56]. TH might be associated with several favorable 
factors, if used in parallel with one of the pharmacological 
therapies targeting oxidative stress. One important factor is 
that TH, in theory, slows cellular death thus slowing the 
release of oxidative molecules into the brain milieu [59, 60]. 
Targeting pre-formed oxidative molecules with TH should 
have a synergistic therapeutic benefit. Moreover, combining 
TH with other pharmacological therapies would not raise 
concerns of drug-drug interactions, and we believe that the 
risk of aggravating drug adverse effects by TH is limited. 
Pharmacological candidates to be considered for combina-
tion with TH include melatonin and deferoxamine. There is 

evidence that both melatonin and deferoxamine target differ-
ent oxidative metabolites involved in ICH [62, 63, 66]. Thus, 
utilizing both medications in combination with TH might 
prove efficacious in ameliorating the damage of oxidative 
metabolites in GMH. In fact, melatonin has been admin-
istered in combination with TH in a pilot clinical trial in 
infants with moderate-to-severe hypoxic-ischemic encepha-
lopathy and proved effective in reducing oxidative stress and 
improving survival without neurological or developmental 
abnormalities [112].

Moreover, an excellent approach to time sensitive pathol-
ogies such as IVH is the “early detection-early interven-
tion” approach. The term “time is brain” commonly linked 
to stroke can be theoretically extrapolated to IVH as earlier 
detection and treatment would ultimately be associated with 
better outcomes. One promising technique is near-infrared 
spectroscopy (NIRS). NIRS monitoring of the cerebral 
blood flow and oxygenation levels is an emerging technol-
ogy aimed for early detection of IVH occurrence [113, 114]. 
Early detection, if combined with an effective intervention 
might be a game changer in the management of IVH in pre-
mature newborns. We believe that the development of early 
detection techniques goes hand in hand with new therapeutic 
approaches as both aspects of the management are of equal 
importance. Moreover, we hypothesize that NIRS can also 
be used to monitor and assess treatment efficacy and thus 
help guide clinical decisions. Alternatively, if proven effec-
tive, NIRS can play a role in future research on IVH thera-
pies as it provides real-time in vitro outcome assessment 
and treatment interval follow-up that can be correlated with 
real life cases.

Future Directions

Exploring the field of oxidative stress and antioxidants in the 
neonatal brain unlocks the route to complex interconnected 
pathways. Findings of future investigations will hold promising 
results and probably more effective approaches to treat GMH. 
To that end, prevention measures remain the supreme standard 
to reduce the risk of IVH until clinical trials incorporate coherent 
management strategies. Prevention could begin as early as 
antenatally, with the use of corticosteroids [115], and magnesium 
sulfate [116], which have proven convenient in reducing the rates 
of IVH. Postnatal monitoring comes next, especially in the first 
72 h after birth, time at which the neonate is most vulnerable 
to IVH. Minimal handling approach is recommended and 
currently adopted by many centers, as reduced monitoring such 
as diaper changes and arterial blood withdrawal, could avoid 
rapid changes in cerebral blood flow [117]. Collectively, simple 
acts such as maintaining the head in midline, elevating the head 
of the incubator, and minimizing IV flushes and rapid arterial 
blood withdrawal have been sorted out into a “care bundle” that 
can be easily introduced in any neonatal care unit and would 
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hopefully lower the risk of IVH [118]. Constant surveillance 
of the cerebral blood flow is also recommended especially 
in the presence of non-invasive technologies such as NIRS. 
When combined with blood pressure measurement [119] and 
targeted neonatal echo (TnEcho) to monitor superior vena cava 
blood flow [120, 121], NIRS can identify periods of impaired 
autoregulation and pressure passive states and thus lower the 
incidence of IVH. Clinical trials are underway to determine the 
potency of NIRS monitoring in preterm infants in reducing IVH 
[122]. Meanwhile, NIRS can be utilized in parallel with other 
techniques for active monitoring until clinical trials validate its 
efficacy. Prevention, monitoring, and early detection, all pave 
the way for individual-tailored intervention and hold promise 
for improved outcomes. Importantly, the areas of active research 
in the field should focus on identifying accurate neonatal 
biomarkers implicated in oxidative stress pathways that can 
predict newborns at high risk of developing secondary brain 
injury. We also recommend further evaluation of diagnostic 
methods including imaging techniques such NIRS, to understand 
the time course of oxidative tissue injury and thus determine 
the best therapeutic window. Moreover, we hypothesize that 
combining therapeutic approaches will yield more favorable 
outcomes and thus should be considered in future trials.
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