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Neonatal hypoxic-ischemic (HI) brain injury is one of the major drawbacks of mortality and causes significant short/long-

term neurological dysfunction in newborn infants worldwide. To date, due to multifunctional complex mechanisms of brain

injury, there is no well-established effective strategy to completely provide neuroprotection. Although therapeutic

hypothermia is the proven treatment for hypoxic-ischemic encephalopathy (HIE), it does not completely chang outcomes

in severe forms of HIE. Therefore, there is a critical need for reviewing the effective therapeutic strategies to explore the

protective agents and methods. In recent years, it is widely believed that there are neuroprotective possibilities of natural

compounds extracted from plants against HIE. These natural agents with the anti-inflammatory, anti-oxidative, anti-

apoptotic, and neurofunctional regulatory properties exhibit preventive or therapeutic effects against experimental

neonatal HI brain damage.
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1. Introduction

Hypoxia-ischemia (HI) is regarded as one of the major drawbacks of brain damage in the neonates and infants. Neonatal

hypoxic-ischemic brain damage (HIBD) (synonymous with hypoxic-ischemic encephalopathy (HIE)) is the main drawback

of newborn deaths and irretrievable and long-lasting neurodevelopmental disabilities in the sufferers . HIE complications

estimate 23% of infant deaths all over the world, and have impacted 0.7–1.2 million newborns per annum . Cerebral

palsy, epilepsy, mental retardation, motor and cognitive deficits, learning and behavioral disabilities, and other severe

neurological disorders were regularly observed in the sufferers based on brain injury grade . In infants with mild HIE,

the death probability is 10% and the risk of neurodevelopmental disorders is 30%, while 60% of infants with severe HIE

are at risk of death and all sufferers risk exposure to remarkable disabilities.

The neonatal HI (NHI) incidence is near 1–8 of every one thousand live full-term births in developed countries, and nearly

25 in one thousand live full-term births in developing countries . Lately, advanced neonatology has evidenced a great

improvement in survival of seriously premature newborns. The rate of incidence in the very low birth weight infants is 60%

of all live births.

NHI commonly occurs as a result of prenatal or birth asphyxia near the time of birth . The ordinary birth process that is

correlated with asphyxia and severe asphyxia may affect a pre-existing normal brain, prompting acute encephalopathy.

Severe asphyxia can arise for numerous causes, including abnormal uterine contractions, abruption of the placenta,

umbilical cord compression, or failure of the neonate to initiate breathing successfully. Infection, growth retardation, and

fever can enhance the brain sensitivity to nonpathogenic asphyxia. On the other hand, the prematurity subject is even

more complicated which is frequently concomitant with impaired fetal growth and infection. Also, the general handling of

the severe premature infants causes bases of postnatal insults. The most common form of perinatal injury is systemic

asphyxia, which impacts the neonate/fetus cardiovascular system and results in a hypoperfusion by hypoxemic blood.

Consequently, such injury is discussed to be reperfusion/hypoperfusion damage .

On the cellular status, HI actuates the activation of complex biochemical reactions, consisting of switching from oxidative

to anaerobic metabolism, cellular energy failure, excitotoxicity, dysfunction of mitochondria, overload of intracellular

calcium, production of free radicals, and inflammatory responses, which results in significant neuronal impairment and

ultimately contributes to change in degrees of brain infarction, BBB (blood–brain barrier) dysfunction, and brain edema,

finally resulting in irreversible brain injury.

The neurologic disorders extremely dwindle the quality of life in HIBD kids and escalate the socioeconomic burden on

caregivers, families, and society. Currently, hypothermia is the only standard treatment for neonatal HIBD for full-term

infants with moderate to severe HIE . By this treatment, infants with the most severe type of HIE might not be saved,
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and this strategy involves the risk of severe disability or death, as nearly 50% of treated cases still die , and as many as

1/3 to 1/2 of sufferers demonstrate low Intelligence Quotient (IQ) at 6 to 7 years of age or constant neurologic

abnormalities . Therefore, more effective neuroprotective strategies are required. In this respect, several agents

have been investigated to save the brain from irreversible damage or to postpone the pathological process, such as

Erythropoietin, Melatonin, Metformin, stem cell therapy, etc., but only a few agents have been used in clinical studies .

Therefore, a search to explore better neuroprotective agents is under way.

2. Pathophysiology of Neonatal Hypoxic-Ischemic Brain Damage

2.1. Excitatory

In fact, HIE is caused by a restriction in blood supply (ischemia) and deprivation of adequate oxygen supply (hypoxia),

which causes a switch to anaerobic metabolism. Anaerobic metabolism leads to depletion of adenosine triphosphate

(ATP) and accumulation of lactic acid. This condition is known as primary energy failure, and occurs immediately after

initial HI insult. At the cellular level, energy failure and ATP reduction results in failure of the cell membrane ion in pumping

and consequently in flow of sodium and calcium ions accompanied by water flow into the cell. Following the process, the

cytotoxic edema is eventuated due to the water flow which might lead to cellular swelling and cell lysis . The following

membrane depolarization unrolls voltage-sensitive calcium channels and leads to excessive calcium influx. Increase in

intracellular Ca  leads to production and release of excitatory amino acids, particularly glutamate. In the following stage,

excess glutamate activates receptors such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-

methyl-D-aspartate (NMDA) receptors . Activation of these receptors additionally promotes influx of Ca   into the

affected cells. Finally, the rise in intracellular Ca  promotes production of reactive oxygen species (ROS), release of pro-

radicals (such as free ions), and synthesis of excessive nitric oxide (NO) by neuronal NO synthase (nNOS), which is

modulated by the NMDA receptors . Furthermore, activation of lipases, proteases, and endonucleases are increased,

which causes a release of fatty acids and membrane damage, and triggers a cascade reaction series which leads to cell

death .

2.2. Free Radical Toxicity

Reoxygenation and reperfusion oxygen availability lead to the initial ischemic tissue and more ROS generation by

mitochondria (via the electron transport chain) and damage integrity of membrane and organelle’s function. These

activities lead to mitochondrial dysfunction which in turn can trigger ROS-induced ROS generation. Furthermore,

hypoxanthine and pro-radicals such as iron cause large amounts of ROS formation. Mitochondrial impairment is one of

the main factors involved in the apoptotic pathway of cell death. The second phase of injury is known as reperfusion injury

and occurs hours later .

2.3. Inflammation

In addition to the described mechanisms, damaged neurons and activated endothelium produce various cytokines,

including interleukins (IL-1, IL-6, IL-8, IL-10) and tumor necrosis factor (TNF)-α, which activate inflammatory response and

trigger biochemical pathways that lead to secondary energy failure and a delay in neuronal cell death . Secondary

energy failure generally eventuates 6 to 48 h after initial HI insult and delays necrotic and apoptotic processes, that might

continue up to days or weeks after birth . Also, a delay in brain damage is associated with a decrease in production of

neurotrophic growth factors, including epidermal growth factor (EGF), nerve growth factor (NGF), insulin-like growth factor

(IGF), GDNF (glial cell-derived neurotrophic factor), BDNF (brain-derived neurotrophic factor), and VEGF (vascular

endothelial growth factor), which apparently inhibit apoptosis and prompt cell proliferation and differentiation of the

developing brain. On the other side, transcription factors comprising JNK (c-Jun N-terminal kinase) and NF-kβ (nuclear

factor kappa-beta) also demonstrate an important function in this point . The damage progression proceeds and enters

into the tertiary phase by progress in inflammation, alteration in neurogenesis, and impaired synaptogenesis and axonal

growth .

2.4. Neuronal Death

Neuronal cell death induced by neonatal HI occurs either by necrosis or apoptosis. Necrotic cell death occurs immediately

after the insult and is the prevailing pathway of cell death subsequent to irreversible or severe damage . Apoptosis or

programmed cell death planned apoptosis is a significant part of ultimate cell death. Apoptosis can last for days and even

weeks after the initial insult. It was proposed that, in infants, apoptosis is possibly more critical in provoking cell death

compared with necrosis .
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3. Pharmacological Evidence of Natural Plant Products in Neonatal
Hypoxic-Ischemic Brain Damage

3.1. Plant Extracts

3.1.1. Grape Seed Extract

Grape is one of the fruits that is a rich source of phenolic compounds and 60–70% of grape phenolic compounds are

discovered in the seeds of the fruit. Grape seed extract (GSE) comprises several phenolic compounds, mainly

procyanidins and proanthocyanodins monomers, polymers, and their gallate ester and resveratrol, which is the major

compound that is extracted from the skin and seeds of grape . GSE is a powerful Free Radical Scavenger (FRS)

of oxygen and has anti-lipid peroxidation activity . GSE revealed anti-oxidant

efficacy more than vitamins C and E . GSE also displayed anti-inflammatory and anti-apoptotic actions . In

addition, GSE can reduce brain injury in forebrain ischemia in a gerbil model in adults .

Zheng and coworkers, in 2005, investigated the neuroprotective effect of GSE against neonatal HI brain injury . In this

study, rat pups at postnatal day 7 (P7) were subjected to HI insult and received GSE (50 mg/kg by intra peritoneal (i.p.)) 5

min before hypoxia and 4 h after reoxygenation (twice daily for 1 day). Brain weight loss was reduced from 20.0% in

vehicle rats to 3.1% in treated rats, as well as improvement in the histopathologic brain score in hippocampus, thalamus,

and cortex after GSE pretreatment. Additionally, lipid peroxidation markers 8-isoPGF  (8-isoprostaglandin F2α) and

TBARS (thiobarbituric acid reactive substances) levels significantly reduced. In another study , GSE was injected at 5

min to 5 h after reoxygenation and it was found that GSE post-treatment reduces neurofunctional abnormalities and brain

weight loss even when administered 3 h after injury. In addition, the reduction of lipid peroxidation marker 8-isoPGF  and

pro-apoptotic protein c-jun in the rat brain cortex suggested that GSE exhibits neuroprotection through free radical

inhibition and anti-apoptotic effects .

3.1.2. Grape Seed Proanthocyanidin Extract

Grape seed proanthocyanidin extract (GSPE) is a combination of biologically active flavanol compounds ranging from

monomers such as gallic acid, epicatechin, catechins, and their gallate forms, to oligomeric proanthocyanidins. GSPE is

known as one of the more potent natural antioxidants and its antioxidant capacity is significantly higher than vitamins E

and C . GSPE has been identified in various plants, for instance, cinnamon bark, pine bark, lotus, and apple, and also

is widely distributed in red and white grape seeds. Many studies have reported a variety of pharmacological activities for

GSPE including antioxidative , anti-inflammatory, anti-apoptosis , and anticancer properties. Recent studies have

also been reported that suggest that GSPE possesses neuroprotective effects , for example against an adult rat

model of ischemia-reperfusion injury .

Tu et al. demonstrated that GSPE significantly decreased brain infarct volume (approximately 50%) and improved

neurobehavioral recovery in HIE mice models when pups were pretreated with GSPE (30 mg/kg, intraperitoneal (i.p.)

injection) 20 min before HI . In addition, the number of apoptotic cells and pro-apoptotic proteins’ expression (cleaved

caspase-3 and bax) was significantly reduced, while expression of anti-apoptosis protein bcl-2 and the bcl2/bax ratio

increased in the pretreated group, demonstrating the antiapoptotic role of GSPE .

3.2. Phytochemicals

3.2.1. Verbascoside

Phenylethanoid glycosides are a kind of water-soluble natural phenolic compound that have exhibited neuroprotective

activity . Verbascoside (VB) (the chemical structure is shown in Figure 1a) is a typical phenylethanoid glycoside from

lemon verbena . VB is found in more than 150 types of plants . There is numerous evidence that VB has various

biological activities, including antioxidant , anti-inflammatory , immunoregulatory , anticancer , and

antimicrobial. In addition, several research studies have shown that VB also has neuroprotective properties against

various neurological disorders in in vitro and in vivo experiments .
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Figure 1.  Chemical structures of the isolated compounds from plants in animal models of neonatal Hypoxic Ischemic

brain injury. (a) Verbascoside, (b) Geniposide, (c) Hesperidin, (d) Quercetin, (e) Pterostilbene, (f) Vitexin, (g) Oxymatrine,

(h) Coumestrol, (i) Plastoquinone, (j) Resveratrol, (k) Piceatannol, (l) Polydatin, (m) Vanillin, (n) Caffeine, (o) Crocin, (p)

Tanshinone IIA, (q) Cannabidiol, (r) Huperzine A.

Wei et al.  investigated the neuroprotective effects of VB on a HIBD model in rat neonates. In this study, animals were

subjected to HIBD at p7 and VB groups (60, 120, and 240 mg/kg) were administered through i.p. injection every 12 h after

HI for two consecutive days. VB post-treatment (240 mg/kg) significantly reduced prolonged reflex latencies and brain

infarct volume dose-dependently (120 and 240 mg/kg). The VB-treated group (240 mg/kg) also remarkably decreased the

degree of degeneration, morphological damage, and necrosis in the cortex and hippocampus CA3 region compared with

the HI group. Furthermore, autophagosome formation and the autophagy-related proteins’ expression (P62, Beclin-1, and

LC3-II/I ratio) reduced after VB post-treatment.

3.2.2. Geniposide

Iridoid glycosides are phytochemicals that naturally occur in many plants . Geniposide (Figure 1b) is one of the

major iridoid glycoside compounds that are purified from the Chinese herb Gardenia jasminoides . Nearly 40 plants

have been identified that contain geniposide . Geniposide possesses diverse pharmacological activities, including anti-

inflammatory , antidiabetic , anti-oxidative, and hepatoprotective . In recent years, geniposide demonstrated

excellent neuroprotective activities in experimental neurological dysfunctions, such as Parkinson’s disease ,

Alzheimer’s disease , and cerebral ischemia .

Liu et al., in 2019, studied the therapeutic effects and underlying mechanisms of geniposide against HI brain damage in

neonatal mice. In this study, mice pups were subjected to HI insult at P10 and geniposide was administered (20 mg/kg)

daily, intra-gastrically after HI. Findings showed that geniposide treatment significantly reduced the number of apoptotic

neurons and also decreased the leakage of serum Immunoglobulin type G (IgG) into brain tissue. In addition, mRNA

expression levels of pericyte markers, adherens, and tight junction proteins were upregulated after treatment, which

meant that geniposide decreased the disruption of the BBB, which was induced by HI. Moreover, geniposide post-

treatment attenuated astrogliosis and microgliosis. Microglia and astrocytes are two of the major neuroinflammation

mediators . To further elucidate the underlying molecular mechanism of geniposide-induced neuroprotection, it was

found that Phosphoinositide 3-kinases/Protein kinase B (PI3K/Akt) expression signaling pathway-related protein was

increased after treatment, which showed that geniposide probably exploits its neuroprotection activity via PI3K/Akt

signaling pathway activation.

3.2.3. Hesperidin
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Hesperidin (Figure 1c) belongs to the flavanone glycoside class of compounds, which was originally discovered in citrus

fruits  but has been reported to occur in many plants other than citrus . Several biological activities have been

reported from Hesperidin, for example, antioxidative , anti-inflammatory , anticarcinogenic, and antiallergic

properties. Hesperidin also has the ability to pass through the BBB . In recent studies, both the in vivo and in vitro

neuroprotective properties of hesperidin have been shown , which are attributed to its antioxidant and anti-inflammatory

activities. This compound also had neuroprotective effects on amyloid β  against 3-nitropropionic acid-induced 

  and H O -induced  neurotoxicity. It also possesses antidepressant activities . Another study reported that

hesperidin enhances learning and memory in a rat model of cerebral ischemic-reperfusion injury .

Rong et al. demonstrated that hesperidin pretreatment in HIBD rat neonates increased the surviving brain volume from

49.8% to 72.9% and improved long-term behavioral development in oral administration of hesperidin (50 mg/kg/day)

during 3 days in animals. Hesperidin pretreatment also markedly decreased Fluoro-Jade B stain-positive neurons in the

cortex of the brain at post-HI . In the culture media, pretreatment with hesperidin (1.6 μM) reduced the release of LDH

(lactate dehydrogenase) and enhanced the levels of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),

which indicated that hesperidin promotes neuronal survival. Moreover, levels of ROS and MDA decreased with hesperidin

pretreatment in both in vivo and in vitro experimental models. Results also showed that hesperidin pretreatment

suppressed FoxO  phosphorylation, which indicated that possible molecular mechanisms of hesperidin neuroprotection

are likely the result of activation of the PI3K/Akt survival signaling pathway and free radical reduction.
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