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The Genus Artemisia L. is one of the largest genera in the Asteraceae family

growing wild over in Europe, North America, and Central Asia and has been

widely used in folk medicine for the treatment of various ailments.

Phytochemical and psychopharmacological studies indicated that the genus

Artemisia extracts contain various antioxidant and anti-inflammatory

compounds and possess antioxidant, anti-inflammatory, antimicrobial,

antimalarial, and antitumor activity. Recently, increasing experimental studies

demonstrated that many Artemisia extracts offer a great antiepileptic potential,

which was attributed to their bioactive components via various mechanisms of

action. However, detailed literature on the antiepileptic properties of the genus

Artemisia and its mechanism of action is segregated. In this review, we tried to

gather the detailed neuroprotective and antiepileptic properties of the genus

Artemisia and its possible underlying mechanisms. In this respect, 63 articles

were identified in the PubMed and Google scholars databases, from which

18 studies were examined based on the pharmacological use of the genus

Artemisia species in epilepsy. The genus Artemisia extracts have been reported

to possess antioxidant, anti-inflammatory, neurotransmitter-modulating, anti-

apoptotic, anticonvulsant, and pro-cognitive properties by modulating

oxidative stress caused by mitochondrial ROS production and an imbalance

of antioxidant enzymes, by protecting mitochondrial membrane potential

required for ATP production, by upregulating GABA-A receptor and nACh

receptor activities, and by interfering with various anti-inflammatory and
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anti-apoptotic signaling pathways, such as mitochondrial apoptosis pathway,

ERK/CREB/Bcl-2 pathway and Nrf2 pathway. This review provides detailed

information about some species of the genus Artemisia as potential

antiepileptic agents. Hence, we recommend further investigations on the

purification and identification of the most biological effective compounds of

Artemisia and the mechanisms of their action to cure epilepsy and other

neurological diseases.

KEYWORDS

epilepsy, excitotoxicity, oxidative stress, neuroinflammation, genus artemisia,
neuroprotection, cognitive impairment

1 Introduction

Epilepsy is a type of neurological disorder characterized by

symptoms of periodic, unpredictable, and recurrent seizures

(Beghi et al., 2019). According to the International League

Against Epilepsy (ILAE) classification in 2017, epilepsies are

classified as focal, generalized, combined generalized and focal

epilepsy or unknown types (Scheffer et al., 2017). Although the

cause of epilepsy is still unknown in most cases, seizures can be

caused by any damage associated with metabolic disorders,

infectious diseases, genetic mutation, or immune disorders

that disrupt brain function (Devinsky et al., 2018).

Currently available antiepileptic drugs (AEDs) are only

partially efficient for epilepsy. Although AEDs control nearly

70% of patients with epilepsy, 5%–10% of patients still require

additional medications and more than 20% of patients continue

to have seizures after treatment. They can only treat symptoms of

epilepsy without making any significant progress in neither

reversing its underlying mechanisms nor offering

neuroprotection caused by the pathogenesis of epilepsy,

resulting in about 15%–40% of all patients with epilepsy,

unfortunately, continuing to have seizures that impair their

daily living (Sankaraneni and Lachhwani, 2015). Moreover,

most AEDs have shown cognitive, psychiatric, and behavioral

side effects on patients (Chen et al., 2017). For example, cognitive

abnormality, especially impairment in learning and memory, is

one of the serious comorbidities caused by epileptic seizures and/

or AEDs that has a significant negative impact on patients’

quality of life (Holmes, 2015). The neuronal damage and

death caused by seizure-associated excitotoxicity are most

likely responsible for both recurrent epilepsy itself and

epilepsy-induced cognitive impairment. Therefore, dampening

excitotoxicity, which is resulted from an imbalance between the

excitatory and inhibitory neurotransmitters, was the main target

of currently available AEDs (Sankaraneni and Lachhwani, 2015).

Since the current anti-epileptic treatment is not ideal, the

development of more effective and clinically relevant novel

therapeutic approaches for epilepsy is an urgent need and

hope. In recent years, more and more evidence has shown

that oxidative stress and neuroinflammation play important

roles in the pathophysiology of acquired epilepsy (Vezzani,

Balosso, and Ravizza, 2019). In this respect, oxidative stress

and neuroinflammation pathways could be desirable

therapeutic targets in epilepsy. Previous studies have

demonstrated that the use of plant extracts and plant-based

antioxidant and anti-inflammatory compounds such as

flavonoids could reduce or eliminate neuroinflammation and

oxidative damage (Kwon et al., 2019). One such well-studied

herbal plant family is the genus Artemisia. Many phytochemical

and pharmacological studies have reported that the genus

Artemisia contains a huge amount of interesting polyphenolic

constituents and showed promising anticonvulsant properties in

experimental studies using various animal models of epilepsy

through various mechanistic pathways. However, the detailed

literature on the antiepileptic properties of the genus Artemisia

and its mechanism of action is segregated. In this review, we tried

to gather the detailed neuroprotective and antiepileptic

properties of the genus Artemisia and its possible underlying

mechanisms.

In this mini-review, we have explored the therapeutic

potential of Artemisia for the treatment of epilepsy. Data were

collected by searching relevant original articles using the

scientific databases Pubmed and Google scholars with the

keywords “artemisia,” “neuroprotection,” “anticonvulsants” or

“anti-epileptic drugs.” As a result, 63 articles were retrieved, of

which 18 original research articles were reviewed based on the

pharmacological use of Artemisia in epilepsy. This review

discusses current research on certain species of the genus

Artemisia with anti-epileptic and neuroprotective activities. In

addition, the anti-epileptic mechanisms of their bioactive

components and the experimental models used in studies are

also introduced and discussed.

2 The redox-associated neural
apoptosis and its role in epilepsy

Oxidative Stress (OS) might play a role in epilepsy and

associated cognitive disorders (Geronzi, Lotti and Grosso,

2018). A growing number of studies in cellular and animal

models have shown that OS is involved in the development of

recurrent seizures, status epilepticus (SE), and learning

Frontiers in Pharmacology frontiersin.org02

Sailike et al. 10.3389/fphar.2022.1021501

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1021501


abnormalities by causing neural damage and death (Vilar Da

Fonsêca et al., 2019; Eastman, D’Ambrosio and Ganesh,

2020; Lin et al., 2020; Golub and Reddy, 2022). However,

the exact mechanisms by which how OS can provoke a

normal brain to develop spontaneous seizures and

cognitive comorbidities have not been completely

elucidated. Some experimental evidence revealed an

association between neuronal apoptosis and

epileptogenesis whilst it is unclear whether apoptosis is a

cause or a consequence of epilepsy.

Apoptosis is primarily induced by two main

pathways—the extrinsic and intrinsic pathways. In the

extrinsic pathway, apoptosis is initiated by the activation of

death receptors, whereas, in the intrinsic pathway, it is

induced by the activation of a series of apoptotic protein

that changes mitochondrial permeability, leading to the

release of cytochrome c into the cytosol (Bedoui, Herold

and Strasser, 2020). The Bcl-2 family is a well-characterized

protein family involved in the modulation of apoptotic cell

death, consisting of anti-apoptotic Bcl-2 protein and pro-

apoptotic Bax and Bak, which are key modulators of the

intrinsic (mitochondrial) pathway of apoptosis. Under

normal conditions, Bcl-2, which localizes to the outer

mitochondrial membrane, promotes cell survival by

inhibiting Bax/Bak oligomerization, which would otherwise

facilitate the release of cytochrome c from mitochondria (Ge

and Wang, 2020). In response to cellular stress, Bax/Bak

oligomers create pores in the mitochondrial outer

membrane, leading to depolarization of the mitochondrial

membrane potential (ΔΨm) and release of cytochrome c into

the cytoplasm (Ly, Grubb and Lawen, 2003; Westphal et al.,

2011). Cytosolic cytochrome c then triggers apoptosis by

binding to Apaf-1 (apoptotic protease activating factor 1)

and procaspase-9 that further activates downstream

caspases (Westphal et al., 2011).

Neuronal mitochondria—the primary sites of reactive

oxygen species (ROS) generation in the brain—are particularly

sensitive and vulnerable to oxidant damage by ROS during

FIGURE 1
Oxidative stress, neuroinflammation, and excitotoxicity characterize the epileptogenic process and cognitive deficits. The activated neuroglia
(microglia and astrocytes) releases pro-inflammatory mediators such as cytokines including IL-1β, IL-6, and TNF-α, thereby leading to
neuroinflammation and neurodegeneration. In oxidative stress conditions, the mitochondria increase ROS production which causes mitochondrial
oxidative stress, damage and dysfunction, thereby leading to neuronal apoptosis. Seizures also cause disturbance of neurotransmission which
leads to disbalanced excitatory and inhibitory neurotransmission. There is also a causal relationship between neurodegeneration, apoptosis, and
disbalance of neurotransmission, which eventually leads to epileptogenesis and associated cognitive deficits.
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epileptic seizures. Mitochondrial oxidative stress (MOS) caused

by ROS overproduction is the main culprit that triggers diverse

cell death pathways (Zhao et al., 2020). Several factors are likely

to be implicated in the modulation of MOS, neuronal death, and

epilepsy (Figure 1).

2.1 Apoptosis

The activation of both extrinsic and intrinsic apoptotic

signaling pathways has been reported to exacerbate seizure-

induced brain damage and leads to SE. An excessive and/or

consistent neuronal excitation associated with seizures causes

increased production of ROS, the liberation of cytochrome c

frommitochondria, leading to activation of downstream caspases

(e.g., caspase-3) and eventually neuronal apoptosis (Engel and

Henshall, 2009).

2.2 mtDNA damage

Increased production of ROS by epileptic seizures also causes

mtDNA damage that can disrupt normal functions of

mitochondrial ETC thus reduce ATP supply to the neural

tissue (Jarrett et al., 2008).

2.3 Mitochondrial fission

Seizures-induced oxidative stress accelerates mitochondrial

fission, increases expressions of cytochrome c and caspase-3 as

well as reduces neuronal viability (Qiu et al., 2013).

2.4 Mitochondrial Ca2+ accumulation

Seizure-induced stress on neurons enhances accumulation of

mitochondrial Ca2+, which can not only further stimulate

overproduction of ROS, but also facilitate the release of

cytochrome c from the mitochondria to cytosol, triggering

caspase-3-dependent neural apoptosis (Fricker et al., 2018; Ge

and Wang, 2020).

2.5 Neuroinflammation

There is also evidence supporting the contribution of MOS to

neuroinflammation in epilepsy. In various animal models of

epileptogenesis, a typical neuroinflammatory response

characterized by robust astrogliosis, microglial activation, and

the production of cytokines and chemokines has been observed

and associated with neuroinflammation (Pauletti et al., 2019;

Vezzani, Balosso and Ravizza, 2019; Terrone et al., 2020).

These data suggest that MOS is likely an important

pathogenic factor of epilepsy and targeting MOS and the

intrinsic mitochondrial pathway might be a novel strategy

to suppress neuronal apoptosis and alleviate epileptogenesis.

In line with this assumption, Coenzyme Q10 (CoQ10)—an

antioxidant produced naturally by our body—has evident

neuroprotection against pentylenetetrazol (PTZ)-induced

kindling via suppressions of oxidative damage and

neuroinflammation (Bhardwaj and Kumar, 2016).

Moreover, Co Q10 levels in epilepsy patients were

significantly lower in epilepsy patients compared to healthy

controls (Simani et al., 2020). To some extent, these data

indirectly reflect the relationship between mitochondrial

oxidative damage and neuroinflammation.

2.6 Excitotoxicity

Furthermore, oxidative stress and mitochondrial dysfunction

contribute to glutamate-induced excitotoxicity and later

neuronal apoptosis. The excitotoxicity–induced damage and

death of hippocampal neurons are quite recurrent in cases of

epilepsy, contributing to cognitive dysfunction (Sabogal-

Guáqueta et al., 2019).

Taken together, these studies suggest that substances with

antioxidant, anti-inflammatory, and anti-excitotoxic activities

may promote neuroprotection and prevent epilepsy by

reducing brain oxidative stress, neuroinflammation, neuronal

apoptosis, and improving cognitive dysfunction.

3 The genus artemisia and its
antiepileptic activity

The genus Artemisia, one of the most distributed genera in

the Asteraceae family, is mostly distributed in Europe, Asia, and

North America (Abad et al., 2012). Many of them have been used

since ancient times as folklore remedies for various diseases, such

as malaria, fever, cough, and gut parasitic diseases (Rasooli et al.,

2003; Bora and Sharma, 2011b). Pharmacological studies

demonstrated that Artemisia species possess a wide range of

antioxidant, anti-inflammatory, antimalarial, antimicrobial,

antiviral, antitumor, antipyretic, antihemorrhagic,

anticoagulant, antianginal, antihepatitic, antiulcerogenic, and

antispasmodic activities (Abad et al., 2012).

Despite their wide diversity, distribution, and application,

most Artemisia species investigated to date have similar chemical

compositions. The principal bioactive constituents found in this

genus include isoprenoids, flavonoids, phenolic acids, coumarins,

glycosides, sterols, polyacetylenes, and caffeoylquinic acids (Tan,

Zheng and Tang, 1998; Bora and Sharma, 2011b), and the

presence of these bioactive compounds in varying proportions

in different plants might be attributed to Artemisia’s diverse
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pharmacological activities. For example, flavonoids, which are

rich in Artemisia annua (Baraldi et al., 2008), possess numerous

antioxidant, anti-inflammatory, and anti-apoptotic activities.

In recent years, more and more evidence has shown that

oxidative stress and neuroinflammation play important roles in the

pathophysiology of acquired epilepsy. A line of experimental studies

has demonstrated that oxidative stress and neuroinflammation are

implicated in the development of recurrent seizures and SE (Rowley

et al., 2015; McElroy et al., 2017; Wang et al., 2017; Vezzani, Balosso

and Ravizza, 2019) as well as cognitive abnormalities caused by

recurrent seizures by inducing oxidative damage to neural tissue

(Méndez-Armenta et al., 2014; Lee et al., 2017; Deng et al., 2019).

Therefore, the focus of epilepsy research and treatment strategy has

now shifted to seeking alternative approaches, such as herbal plants,

with better efficacy and minimal side effects (Gao et al., 2014; Kwon

et al., 2019; Rehman et al., 2019). It is postulated that the use of plant-

based antioxidants (e.g., flavonoids) to reduce or eliminate

neuroinflammation and oxidative damage might be a desirable

strategy in the treatment of epilepsy and epilepsy-/AEDs-induced

cognitive impairment.

Several Artemisia species have been used in folklore medicine

to treat epileptic seizures, and the anticonvulsant efficacy of these

plants was confirmed by in vivo animal experiments using acute

and chronic epilepsy (De Lima, Morato and Takahashi, 1993;

Sayyah, Nadjafnia and Kamalinejad, 2004; Mio et al., 2010; Khan

et al., 2016; Kediso et al., 2021). Studies indicated that essential

oil, crude extracts, and different fractionations of Artemisia

species can prevent seizures. De Lima et al. (1993) reported

earlier that the hydroalcoholic extract (HE) of Artemisia

verlotorum prevented non-invasive electroshock (75 mA,

60 Hz) and the seizure-induced by pentylenetetrazole. In

addition, HE also increased the latencies of seizures in both

pilocarpine and 3-mercaptopropionic acid pilocarpine-induced

mice (De Lima et al., 1993). These results suggest that extracts of

A. verlotorum are able to protect against experimental

convulsions elicited by various agents. Artemisia dracunculus

L. is used as an antiepileptic remedy in Iranian folklore medicine.

Essential oil of A. dracunculus L. demonstrated the anti-seizure

activity in mouse models of acute epilepsy (Sayyah, Nadjafnia

and Kamalinejad, 2004). The extracted A. dracunculus L.

essential oil showed a dose and time-dependent

anticonvulsant activity in both maximal electroshock (MES;

ED50 0.84 ml/kg) and pentylenetetrazole (PTZ; ED50

0.26 ml/kg) mice models of seizure, respectively. After gas

chromatography (GC)/mass spectrometry (MS) analysis of the

essential oil, authors postulate that monoterpenoids in the

essential oil may be responsible for the anticonvulsant effects

(Sayyah, Nadjafnia and Kamalinejad, 2004). The potential anti-

epileptic effect of Artemisia copa Phil. was explored by Mio et al.

(2010) as a part of their psychopharmacological studies. They

evaluated the anticonvulsant activity of plant water extracts on a

PTZ-induced mouse model and found that Artemisia copa Phil.

extracts (150 mg/kg) significantly increased the latency time and

decreased the duration of seizures and mortality in mice. Khan

et al. (2016) studied the anticonvulsive effect of Artemisia Indica

fractions and the involvement of GABA-A receptors using

electrophysiological methods. The results showed that the

isolated carnosol, ursolic acid, and oleanolic acid

(10–100 mg/kg) had significant anticonvulsant activity in a

PTZ-induced epilepsy mouse model by positively regulating

the α1β2γ2L GABA-A receptor activity. Kediso et al. (2021)

evaluated the effect of an aqueous ethanolic extract of Artemisia

afra on pentylenetetrazole-induced seizures in mice. They noted

that extracts of Artemisia afra showed a delay in seizure onset

and a reduction in the duration of convulsions in a dose-

dependent manner.

To sum up, certain Artemisia species have been found to be

effective anticonvulsants. However, the exact pharmacologically

active compounds of the genus Artemisia and the underlying

cellular and molecular mechanisms through which Artemisia

exerts antiepileptic effects are not fully understood. There is

increasing evidence suggesting that some Artemisia species

might have therapeutic potential for epilepsy due to their

antioxidant, anti-inflammatory, and anti-apoptotic properties

as well as their regulation of neurotransmission

(Hamsalakshmi et al., 2022).

4 Antiepileptic mechanisms of the
genus artemisia

4.1 Antioxidant activity of the genus
artemisia

Oxidative stress generated by ROS may play a role in the

occurrence and development of epilepsy, and changes in

mitochondria-related oxidative stress status can lead to

neuronal apoptosis. Various plants from the Artemisia species

demonstrate protective activities against oxidative damage to

neural tissue in vitro and in vivo. Treatment with Artemisia

extracts is able to protect neurons or recover the oxidative stress-

induced damage by preventing the formation of free radicals,

enhancing the activity of the endogenous antioxidant system, and

regulating apoptosis signaling pathways.

One initial study with Artemisia extracts indicated that the

methanol extract of Artemisia absinthium has free radical

scavenging activity in vitro and antioxidant capacity in the

animal brain (in vivo) by decreasing thiobarbituric acid reactive

substances (TBARS) and restoring levels of superoxide dismutase

(SOD) and glutathione (GSH) (Bora and Sharma, 2011a). Another

recent study using rats showed that the levels of the pro-oxidants

MDA (an indicator of lipid peroxidation) and nitric oxide (NO)

were significantly reduced, while the levels of antioxidant enzymes

GSH and its gene expression in cortical tissue were significantly

increased in streptozotocin (STZ)-induced diabetic rats exposed to

ethanol extract of Aretemisia judaica (Albasher et al., 2020). More

Frontiers in Pharmacology frontiersin.org05

Sailike et al. 10.3389/fphar.2022.1021501

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1021501


recently, Rashidi et al. (2021) demonstrated that ethanolic extract of

Aretemisia absinthium has antioxidant effect on 6-

hydroxydopamine (6-OHDA)-induced oxidative stress in SH-

SY5Y cells. The extract of the plant at concentrations ranging

from 6.25 to 25 μg/ml has been found to significantly decrease

intracellular ROS formation induced by 6-OHDA. The plant extract

also increases the GSH level and SOD activity. Similarly, various

fractions of two Artemisia species—Aretemisia turanica and

Aretemisia turcomanica—were found to effectively suppress

H2O2-induced oxidative stress and apoptosis of PC12 cells as

well as restored the H2O2-induced GSH depletion (Hosseinzadeh

et al., 2018). Besides the crude Artemisia extracts, the essential oil

from Aretemisia campestris has been shown to be a potent

antioxidant (Saoudi et al., 2017). Pretreatment of animals with

the essential oil significantly reduces deltamethrin-induced

oxidative damage in rat brain tissue by alleviating lipid

peroxidation, oxidative stress, and degeneration of brain tissue

(Saoudi et al., 2017).

The antioxidant activity of Artemisia was also investigated

using secondary metabolites of the genus. Caffeoylquinic acids

and their derivatives isolated from Aretemisia princeps Pam.

showed a potent antioxidant effect on β -amyloid-induced

oxidative stress in PC12 cells in a dose-dependent manner.

Under oxidative stress conditions, PC12 cells were treated

with whole extract and 3,5-dicaffeoylquinic acid (3,5-diCQA)

increased the cell viability by approximately 1.6 and 2.4 times,

respectively, compared to the control without treatments (Lee

et al., 2011). In addition, 3,5-diCQA isolated from Aretemisia

argyi H. also demonstrated potent antioxidant property (Kang

et al., 2016). In this study, 3,5-diCQA could restore cognitive

dysfunction and the antioxidant capacity in trimethyltin (TMT)-

treated mice by reducing the amount of pro-oxidant

malondialdehyde (MDA) and augmenting the levels of

oxidized GSH in the brain tissue of ICR mice (Kang et al.,

2016). Moreover, DSF-52, a sesquiterpene dimer isolated from

Aretemisia argyi, could suppress NADPH oxidase blocking ROS

production in lipopolysaccharide (LPS)-induced BV-2 cells

(Zeng et al., 2014). Finally, Aretemisia amygdalina showed

antioxidant action on differentiated N2a and SH-SY5Ycells

(Sajjad et al., 2019). The oxidative stress and cell death

induced by H2O2 in these cell lines were attenuated by

different extracts of Aretemisia amygdalina by upregulation of

the Nrf2 signaling pathway, which is known to be an emerging

modulatory pathway of cells resistant to oxidants (Saha et al.,

2022).

From the aforementioned data, it was suggested that the

antioxidant properties and underlying mechanisms of the genus

Artemisia might be attributed to the bioactive secondary

metabolites of the plants. To date, most studies associated

with the antioxidant activity of Artemisia extracts have

focused on Artemisinin—the principal bioactive isoprenoids

isolated from Aretemisia annua. A pioneering study

conducted by Zheng et al. (2016) demonstrated that

Artemisinin has a neuroprotective effect on sodium

nitroprusside-induced oxidative damage to primary cortical

neurons and PC12 cells in vitro. They found that

pretreatment of PC12 cells with Artemisinin could protect cell

viability by reducing oxidation and preventing the decline of

mitochondrial membrane potential. In addition, they also

demonstrated by Western blotting analysis that the

neuroprotective effect of Artemisinin is associated with the

activation of the extracellular regulated protein kinases (ERK)

pathway, which is responsible for intracellular signaling. The

involvement of the ERK/CREB signaling pathway was also

supported by other studies (Chong and Zheng, 2016), which

demonstrated that H2O2-induced oxidative damage can be

suppressed by Artemisinin in retinal pigment epithelial cells

D407 through restoring cell morphology, mitochondrial

membrane potential, and slowing intracellular ROS

generation. In line with those findings, Yan et al. (2017)

demonstrated that Artemisinin has a protective function

against H2O2-induced oxidative stress in retinal neuronal cells

RGC-5. In this study, a decreased ROS accumulation and cell

apoptosis, as well as an increased mitochondrial membrane

potential has been observed following the treatment of cells

with Artemisinin. The Western blotting analysis indicated that

H2O2-induced oxidative stress in RGC-5 cells upregulated the

phosphorylation of P38 and ERK1/2 kinase pathways, which

could be reversed by Artemisinin. Interestingly, they also

observed that intravenous administration of artemisinin in a

concentration-dependent manner protected the retinal function

from light-exposed damage by measuring electrical responses in

retinal photoreceptors using flash electroretinography (Yan et al.,

2017). The neuroprotective function of Artemisinin against

glutamate-induced oxidative stress was also reported by Lin

et al. (2018). They investigated the effects of artemisinin on a

mouse hippocampal cell line (HT-22) damaged by glutamate-

induced oxidative stress. The results demonstrated that the

overproduction of ROS and the collapse of mitochondrial

membrane potential caused by glutamate-induced oxidative

stress could be rescued by the activation of the protein kinase

B (Akt)/Bcl-2 signaling pathway in the cell line treated with

artemisinin. In addition to artemisinin, administration of 3,5-

diCQA, a phenolic compound extracted from Artemisia argyiH.,

prevented neuronal apoptosis from the mitochondrial pathway

in the brain tissue of ICR mice exposed to TMT (Kang et al.,

2016). In this study, 3,5-diCQA reduced TMT-induced

mitochondrial ROS production and increased TMT-lowered

mitochondrial membrane potential and ATP levels thus

providing significant protection against TMT-induced

mitochondrial dysfunction and cellular apoptosis (Kang et al.,

2016). Phosphorylation of microtubule-associated protein tau

(p-tau) by protein kinase B/Akt (Akt), plays an essential role in

Akt-mediated anti-apoptotic signaling (Ksiezak-Reding et al.,

2003). Kang et al. (2016) also found that treatment with 3,5-

diCQA could increase the ratio of phosphorylated-Akt (p-Akt)/
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Akt, which was reduced in the TMT-treated mice, and decrease

levels of phosphorylated tau (p-tau) and Bax, which were

increased in the TMT-treated mice. Taken together, Artemisia

extracts exert their antioxidant and anti-apoptotic effects by

decreasing mitochondrial ROS generation, increasing

antioxidant enzyme levels, recovering mitochondrial

membrane potential, and regulating signaling pathways such

as ERK/CREB and Akt/Bcl-2. These signaling pathways

therefore could be potential targets for the treatment of epilepsy.

4.2 Anti-neuroinflammatory effects of the
genus artemisia

Microglia-associated neuroinflammation is presumed to

contribute to neuronal injury in various neurodegenerative

disorders including epilepsy. Neuroinflammation in epilepsy is

primarily characterized by robust astrogliosis, microglial

activation, and the production of cytokines and chemokines

(McElroy et al., 2017; Vezzani, Balosso and Ravizza, 2019).

Several bioactive molecules isolated from Artemisia extract

were able to significantly eliminate neuroinflammation in

brain tissue and neural cell lines. Artemisinin B isolated from

Aretmisia annua and DSF-52 isolated from Artemisia argyi were

found to exhibit significant anti-neuroinflammatory effects on

LPS-activated BV2 cells (microglial cell model) (Zeng et al., 2014;

Qiang et al., 2018). Both artemisinin B and DSF-52 significantly

downregulated LPS-induced increase in NO production, and

gene expression levels of inflammatory cytokines IL-1β, IL-6,
TNF-α, and upregulated gene expression levels of the anti-

inflammatory cytokine IL-10 (Zeng et al., 2014; Qiang et al.,

2018). DSF-52 also downregulated pro-inflammatory

Prostaglandin E2 (PGE2), iNOS, COX-2 and granulocyte-

macrophage colony-stimulating factor (GM-CSF) cytokines

(Zeng et al., 2014). Another important finding of their studies

is that both artemisinin B and DSF-52 inhibited major

inflammatory transcription factor NF-κB in a dose-dependent

manner (Zeng et al., 2014; Qiang et al., 2018). DSF-52 also

inhibited the phosphorylation of NF-κB, IkB, and Akt, the

activation and translocation of NF-kB from the cytoplasm

into the nucleus, and NF-kB-DNA binding activity (Zeng

et al., 2014). In addition to the Akt/IkB/NF-kB signaling

pathway, DSF-52 also blocked JNK/p38 MAPKs and Jak2/

Stat3 inflammatory signaling pathways by inhibiting the

phosphorylation of respective molecules. Artemisinin B also

reduced glial cell surface receptor TLR4 and its downstream

adaptor protein MyD88 levels, which were abnormally high in

the model group (Qiang et al., 2018). Both TLR4 and MyD88 are

important because their association eventually leads to the

activation of the NF-κB and MAPK signaling pathways and

thus to the expression of inflammatory cytokines and

chemokines (Esen and Kielian, 2006). Based on these findings,

the study suggests that artemisinin B inhibits neuroinflammation

via the TLR4-MyD88-NF-kB signaling pathway (Qiang et al.,

2018). The ethanol extract of Artemisia judaica significantly

reduced STZ-induced increase in the pro-inflammatory TNF-

α and iNOS levels and expression in the cortical tissue of diabetic

rats, comparable to the positive control metformin (Albasher

et al., 2020). The study suggests that Artemisia judaica inhibits

the development of cortical inflammation in diabetic rats

(Albasher et al., 2020). In line with those findings,

Artemisinin isolated from Artemisia annua significantly

reduced the immunoreactivity of glial cells, as detected by a

decrease in GFAP and Iba1 markers, cleaved caspase 1, and IL-1β
levels, as well as restored microglia morphology in the cerebral

cortex region of 3xTg AD mouse model (Zhao et al., 2020).

In addition to Artemesinin, the anticonvulsant effects of

some other anti-inflammatory flavonoids isolated from the

genus Artemisia have been confirmed in various experimental

models of epilepsy, and their mechanisms of action have been

explored. Daneshkhah and Setorki. (2019) showed that the

anticonvulsant activity of essential oil (EO) of Artemisia

persica significantly decreased seizure latency and tonic seizure

in PTZ-kindled mice by reducing brain inflammation via

downregulation of the expression of pro-inflammatory

cytokines (IL-1β and TNF-α). Golechha et al. (2011) observed

that pretreatment of kainic acid (KA)-induced epileptic rats with

naringin significantly attenuated seizures and cognitive deficits

by inhibiting the production of the pro-inflammatory cytokine

TNF-α in the brain. Hispidulin—a flavonoid compound found in

Artemisia abrotanum L. and Artemisia herba-alba—substantially

attenuated kainic acid-induced seizures and hippocampal

neuronal cell death by the suppression of microglial activation

and the production of pro-inflammatory cytokines IL-1β, IL-6,
and TNF-α (Lin et al., 2015). Zhu et al. (2019) indicated that

isoliquiritigenin pretreatment of kainic acid-induced epileptic

rats has shown neuroprotective and anti-inflammatory effects via

the TLR4/MYD88 signaling pathway. These studies suggest that

the genus Artemisia has antiepileptic therapeutic potential, at

least in part because it contains flavonoid compounds with

promising antioxidant and anti-inflammatory properties.

4.3 Anti-apoptotic and neuroprotective
effects of the genus artemisia

Recently, several studies have documented the

neuroprotective and antiapoptotic effects of Artemisia. As we

mentioned in the previous section (Section 4.1), 3,5-diCQA

isolated from Artemisia argyi demonstrated significant

protection against neuronal apoptosis and cognitive function

via the mitochondrial apoptotic pathway (Kang et al., 2016).

Kwon et al. (2018) reported the neuroprotective effect of

Artemisia capillaris and the possible involvement of apoptotic

mechanisms. They showed that the ethanol extract ofA. capillaris

rescued BCCAO-induced neuronal degeneration and apoptosis,
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accompanied by an inhibition of BCCAO-induced increase of

caspase-3-positive cells in the mouse hippocampus (Kwon et al.,

2018). The ethanol extract of A. judaica increased the level of

anti-apoptotic marker Bcl2 and decreased the level of pro-

apoptotic marker Bax by blocking STZ injection-induced

neuronal apoptosis in rat brains (Albasher et al., 2020).

Artemisinin isolated from A. annua was found to reduce

p-tau levels and protect brain tissue in 3xTg mice and SH-

SY5Y cells in vitro (Zhao et al., 2020). In the brain tissue of

3xTg mice, Artemisinin treatment significantly reduced Aβ
plaques in the cerebral cortex and hippocampus, damage to

neurons and Nissl bodies, and the number of apoptotic

cortical neurons. Further investigations indicated that

p-ERK1/2, P-CREB levels, and Bcl-2/Bax ratio were

significantly increased in the artemisinin-treated 3xTg animal

group compared to the non-treated 3xTg group. In the SH-SY5Y

cell line, pre-treatment with artemisinin prevented the Aβ
(1–42)-induced SH-SY5Y cell death in a dose-dependent

manner by protecting the mitochondrial membrane potential

and decreasing cellular ROS production (Zhao et al., 2020).

Moreover, artemisinin treatment resulted in a time- and dose-

dependent increase in phosphorylated ERK1/2 and CREB levels

in SH-SY5Y cells. Taken together, this study suggests that

artemisinin exerts a potential anti-apoptotic effect on neural

cells by regulating the ERK/p-CREB/Bcl2 pathway.

4.4 Beneficial effect of artemisia on
cognitive function

Cognitive abnormality, especially impairment in learning

and memory, is one of the serious comorbidities of epilepsy

that has a significant negative impact on patients’ quality of life

(Holmes, 2015). Despite some reports, the mechanisms

underlying epilepsy-associated cognitive impairment have not

been completely elucidated. According to the literature, it is likely

that many factors are involved, including the dysregulation of

neurotransmitter systems (cholinergic, glutamatergic,

GABAergic), microglial activation and neuroinflammation,

and oxidative stress, which ultimately result in neural tissue

damage and cognitive impairment. Several Artemisia species

(some of them mentioned in previous sections) have been

identified as having neuroprotective potential and the capacity

of restoring cognitive impairment by suppressing oxidative

stress, neuroinflammation, and regulating the cholinergic

neurotransmitter system. For instance, methanol extract of

Artemisia absinthium significantly reduced cerebral infarct

volume and short-term memory impairment in a mouse

model of cerebral ischemia induced by middle cerebral artery

occlusion (MCAO) via regulation of oxidative stress/antioxidant

parameters (Bora and Sharma, 2010). In this study, Artemisia

treatment resumed levels of antioxidant enzymes (GSH, SOD,

and CAT) that were decreased in the brain of the MCAO model,

and the concentration of the thiobarbituric acid reactive substance

(TBARS)—a lipid peroxidation marker—that was increased in the

brain of MCAO model (Bora and Sharma, 2010). Interestingly,

administration of the plant extract before focal cerebral ischemia

also prevented short-term memory impairment suggesting that A.

absinthium can not only restore already damaged neural tissue but

also protect them from damage (Bora and Sharma, 2010). In

another study using a mouse model of Alzheimer’s disease

established by intra-cerebroventricular injection of the toxic

fragment of Aβ (Aβ25-35), artemisinin B—a type of

artemisinins derived from A. annua—significantly ameliorated

learning and memory of this mouse model in water-maze and

step-through tasks. In the same model group, artemisinin B also

inhibited the activation of microglia as well as the loss of the Nissl

bodies and synaptophysin in the CA1 neurons of the hippocampus

(Qiang et al., 2018). These studies indicated that oxidative stress,

microglial activation, and neuroinflammation are involved in

neuronal damage in the hippocampus, and Artemisia extracts

could protect and restore memory deficiency by suppressing those

processes. The genus Artemisia species can also restore cognitive

impairment by modulating neurotransmitter and neuromodulator

activity. 3,5-diCQA pretreatment significantly inhibited TMT-

induced disruption of the cholinergic neurotransmission and

cognitive impairment by increasing acetylcholine (ACh) levels

and decreasing acetylcholinesterase (AChE) activity in the brain

tissue of ICR mice compared to negative controls (Kang et al.,

2016). In line with these findings, Kwon et al. (2018) reported

that treatment with ethanol extracts of A. capillaries could

recover BCCAO-mediated neurodegeneration and cognitive

impairment in mice by stimulating nicotinic acetylcholine

receptors (nAChRs) and inhibiting AChE activity. They

showed that the nonselective neuronal nicotinic receptor

antagonist mecamylamine markedly blocked the

neuroprotective effect of A. capillaris (Kwon et al., 2018).

The authors hypothesize that the plant metabolites might

activate the PI3K-Akt signaling cascade, which leads to the

activation of neuronal nAChRs (Kwon et al., 2018). Hence, the

study suggests that the neuroprotective and pro-cognitive

action of A. capillaris is due to the activation of the

cholinergic neurotransmitter system in the brain.

These data altogether conclude that MOS, mitochondrial

dysfunction, neuroinflammation, disbalanced neurotransmission,

and ultimately neuronal death/apoptosis could be also implicated

in epileptogenesis and cognitive impairment. We assume that

targeting these processes using Artemisia extracts have promising

protective roles against the seizure generation, epileptogenesis, and

cognitive comorbidities of epilepsy (Figure 2).

5 Discussion

Epilepsy is defined as one of the World Health Organization

(WHO) public health priorities for its effective care, prevention,
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and treatment. It is a potentially life-threatening disease and

associated with increased disability and mortality (Thurman

et al., 2018). Although AEDs are the primary treatment

method for controlling epilepsy, most of these drugs are

considered to be associated with temporary seizure control,

drug resistance, and cognitive abnormalities (Sørensen and

Kokaia, 2013). Growing evidence reveals that oxidative stress,

neuroinflammation, and dysregulated neurotransmission

contribute to the pathophysiology of epilepsy and cognitive

impairment. Neuronal damage and death/apoptosis are most

likely to be directly or indirectly caused by neuronal

hyperexcitability, oxidative stress, and neuroinflammation.

Therefore, any antioxidant, anti-inflammatory, and

neuroprotective interventions might prevent epileptogenesis

and its cognitive comorbidities.

Nowadays, the growing need for more natural sources of

medicine and certain prominent pharmacological activities of

Artemisinin has driven scientific interest in Artemisia species.

In recent years, a series of experimental studies have

demonstrated that certain genus Artemisia has

anticonvulsant effects in animal models of epilepsy in vivo

(Table 1) and antioxidant, anti-neuroinflammatory, and

neuroprotective effects in neural cell lines in vitro (Tables 2,

3), in which oxidative stress were induced and epileptic seizures

were developed.

However, the exact pharmacologically active compounds of

Artemisia (except artemisinin) and the underlying mechanisms

through which those bioactive compounds exert antiepileptic

effects have not been extensively investigated. Based on all the

data included and analyzed in the review, we assume that genus

FIGURE 2
Neuroprotective mechanisms of Artemisia. Artemisia extracts exert their neuroprotective and anti-epileptogenic effects through the
modulation of molecular signaling pathways involving ROS production and neuroinflammation as well as regulating disbalanced neurotransmission,
thereby preventing excess neural death and apoptosis.

TABLE 1 Anticonvulsant activities of Artemisia species in vivo in animal models.

Species Material Model Dose Authors

Artemisia verlotorum hydroalcoholic extract PTZ, 3-MP- induced
mice

2 g/kg De Lima, Morato and Takahashi, (1993)

Artemisia
dracunculus L

Essential oil MES-induced mice 0.84 ml/kg Sayyah, Nadjafnia and Kamalinejad,
(2004)PTZ-induced mice 0.26 ml/kg

Artemisia copa Phil Water extracts PTZ-induced Mice 150 mg/kg Mio et al. (2010)

Artemisia Indica Lin Carnosol, ursolic acid, and oleanolic acid
compounds

PTZ-induced mice 10–100 mg/kg Khan et al. (2016)

Artemisia. afra Hydroethanolic extract PTZ-induced mice 250–1,000 mg/kg Kediso et al. (2021)
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Artemisia subspecies possess potential antiepileptic and

neuroprotective properties thanks to their antioxidant,

anti-inflammatory, neurotransmitter regulating, and anti-

apoptotic activities. The bioactive secondary metabolites of

the genus Artemisia plant are likely to act through

modulating multiple signaling pathways, such as

extracellular regulated protein kinases (ERK/CREB/Bcl-2)

pathway and intracellular (mitochondrial) pathway, as well

as an emerging nuclear factor erythroid 2-related factor 2

(Nrf2) signaling pathway.

Therefore, the use of natural bioactive compounds isolated

from Artemisia as potential pharmacological modulators

targeting the aforementioned signaling pathways might be an

alternative option for the treatment of epilepsy and its cognitive

comorbidities. However, although many experimental studies

have demonstrated anti-epileptic and neuroprotective activities

of Artemisia species, most of them have emphasized crude plant

extracts or fractions, and only a few pure bioactive compounds

have been used in the studies (see Tables 1–3). In addition, there

are other pitfalls in using Artemisia: long-term and low-dose

Artemisia exposure may induce free radical scavengers that

disrupt the endoperoxide bridge structure of Artemisia.

Moreover, unexpected metabolic dysfunction or other

abnormalities may occur after excessive use of Artemisia,

TABLE 2 Antioxidant, anti-inflammatory, and neuroprotective effects of Artemisia species in vivo and its mechanisms of action.

Species Compounds Models Mechanisms References

Artemisia
absinthium

Methanolic
extract

Cerebral I/R-induced mice Restore SOD and GSH levels and decrease TBARS Bora and Sharma,
(2011a)

3,5-diCQA TMT-induced cognitive
dysfunction mice

Increasing the GSH ratio. Protection of mitochondrial activities and the
repression of apoptotic signaling molecules such as p-Akt, BAX, and p-tau
(Ser 404)

Kang et al. (2016)

Artemisia
capillaries

Ethanol extracts Ischemic brain injury-
induced mice

Activation of nicotinic acetylcholine receptors Kwon et al. (2018)

Artemisia
campestris

Essential oil Brain tissue of deltamethrin
treated rats

Change antioxidant enzymes level Saoudi et al. (2017)

Artemisia
judaica

Ethanol extracts STZ-induced diabetic rats Improvement of gene expression of the antioxidant enzymes. Decreasing the
level and expression of TNF-α and iNOS in diabetic rats

Albasher et al. (2020)

TABLE 3 Antioxidant, anti-inflammatory, and neuroprotective effects of Artemisia species in vitro and its mechanisms of action.

Species Compounds Models Mechanisms References

Artemisia
absinthium

Ethanolic extract 6-OHDA-induced SH-
SY5Y cells

increases the GSH level and SOD activity. decrease
intracellular ROS

Rashidi et al. (2021)

Artemisia princeps
Pampanini

Phenolics PC12 cells Decreasing intracellular oxidative stress Lee et al. (2011)

Artemisia argyi DSF-52 LPS-mediated BV-2
microglial

Suppression of NF-κB, JNK/p38 MAPKs, and Jak2/Stat3 signaling
pathways. Reduction of the expression levels of the inflammatory
cytokines IL-1β, IL-6, and TNF-α

Zeng et al. (2014)

Artemisia annua Artemisinin PC12 cells Activation of ERK pathway Zheng et al. (2016)

D407 retinal pigment
epithelial cells

Activation of ERK/CREB signaling pathway Chong and Zheng,
(2016)

Neuronal cells RGC-5 Activation of P38 and ERK1/2 kinase pathway Yan et al. (2017)

LPS-mediated BV-2
microglial

Reduction of the expression levels of the inflammatory cytokines
IL-1β, IL-6, and TNF-α. Inhibition of TLR4-MyD88-NF-kB
signaling pathway

Qiang et al. (2018)

HT-22 cells Activation of kinase B (Akt)/Bcl-2 pathway Lin et al. (2018)

SH-SY5Y activation of the ERK/CREB pathway and inhibition of apoptosis
pathway

Zhao et al. (2020)

Artemisia turanica Crude extracts PC12 cells Reduction of caspase-3 activity Hosseinzadeh et al.
(2018)

Artemisia
amygdalin

Methanol, aqueous, and ethyl
acetate extracts

Differentiated N2a and
SH-SY5Ycells

Upregulate the Nrf2 signaling pathway Sajjad et al. (2019)
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including neurotoxicity and/or sperm DNA damage-induced

genotoxicity (Singh, Giri and Giri, 2015; Sun and Zhou, 2017)

Therefore, to ensure safety at appropriate doses, long-term

testing should be evaluated. Finally, there is currently no

preclinical and clinical trial evidence showing that Artemisia

has a therapeutic effect on epilepsy.

6 Conclusion

This review further highlights the roles of oxidative stress,

neuroinflammation, and excitotoxicity in seizure-mediated

neuronal damage and apoptosis, as well as their possible

contributions to epileptogenesis and cognitive impairment. It

also confirms that the genus Artemisia possesses neuroprotective

and antiepileptic potentials, which stem from their antioxidant,

anti-inflammatory, neurotransmitter-modulating, anti-apoptotic

properties by modulating oxidative stress caused by

mitochondrial ROS production and an imbalance of

antioxidant enzymes, by protecting mitochondrial membrane

potential required for ATP production, by upregulating GABA-A

receptor and nACh receptor activities, and by interfering with

various anti-inflammatory and anti-apoptotic signaling

pathways.

Although some fundamental research results have been

achieved, there is still a lot of work to be done for further

research on Artemisia and its neuroprotective effects. Firstly,

many Artemisia species have not been assessed biologically and

pharmacologically for their neuroprotective and antiepileptic

activities, which requires further explorations in ongoing

research. Secondly, although many experimental studies have

demonstrated anti-epileptic and neuroprotective activities of the

genus Artemisia species, most of the studies refer to crude

extracts containing a cocktail of compounds. Only countable

pure isolated compounds have been evaluated in the previous

studies. Therefore, it needs more pharmacological studies using

pure bioactive compounds to confirm the molecular mechanisms

of Artemisia action. Thirdly, despite several secondary

metabolites of the genus Artemisia having been shown to

possess antiepileptic and neuroprotective properties in

experimental conditions, bioavailability and BBB penetration

require more in vivo animal experiments and clinical

evaluation. Despite some unravelled mysteries that remain to

be clarified in the future, the antioxidant and anti-inflammatory

compounds in the genus Artemisia plants are undoubtedly

favourable neuroprotective agents for the improvement of

brain damage in patients with epilepsy. As the investigation

continues, the genus Artemisia might prove to be a rich

source of bioactive compounds needed for the development of

new neuroprotective chemotherapeutical agents that alleviate

neural tissue damage in patients with epilepsy and other

neurodegenerative disorders. Their extracted and isolated

bioactive compounds, if not toxic, can also serve as food

additives for the prevention of oxidative stress-related disorders.

Author contributions

Conceptualization: TT and JJ; resources: BS, ZO, and AA;

writing—original draft preparation: ZO and TT; writing—review

and editing: SA, W-LJ, and BA. All authors have read and agreed

to the published version of the manuscript.

Funding

This article was partly supported by grants from the

Kazakhstan Ministry of Sciences and Education (AP08856717,

2020-2022).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Abad, M. J., Bedoya, L. M., Luis, A., and Paulina, B. (2012). ‘The artemisia L.
genus: A review of bioactive essential oils’, molecules. Multidiscip. Digit. Publ. Inst.
(MDPI) 17, 2542–2566. doi:10.3390/molecules17032542

Albasher, G., Aljarba, N., Al Sultan, N., Alqahtani, W. S., and Alkahtani, S.
(2020). Evaluation of the neuro-protective effect of Artemisia judaica extract in
a murine diabetic model. J. Food Biochem. 44 (8), e13337. doi:10.1111/JFBC.
13337

Baraldi, R., Isacchi, B., Predieri, S., Marconi, G., Vincieri, F. F., and Bilia, A. R.
(2008). Distribution of artemisinin and bioactive flavonoids from Artemisia annua
L. during plant growth. Biochem. Syst. Ecol. 36 (5–6), 340–348. doi:10.1016/J.BSE.
2007.11.002

Bedoui, S., Herold, M. J., and Strasser, A. (2020). Emerging connectivity of
programmed cell death pathways and its physiological implications. Nat. Rev. Mol.
Cell Biol. 21 (11), 678–695. doi:10.1038/S41580-020-0270-8

Frontiers in Pharmacology frontiersin.org11

Sailike et al. 10.3389/fphar.2022.1021501

https://doi.org/10.3390/molecules17032542
https://doi.org/10.1111/JFBC.13337
https://doi.org/10.1111/JFBC.13337
https://doi.org/10.1016/J.BSE.2007.11.002
https://doi.org/10.1016/J.BSE.2007.11.002
https://doi.org/10.1038/S41580-020-0270-8
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1021501


Beghi, E., Giussani, G., Nichols, E., Abd-Allah, F., Abdela, J., Abdelalim, A., et al.
(2019). Global, regional, and national burden of epilepsy, 1990–2016: A systematic
analysis for the global burden of disease study 2016. Lancet. Neurol. 18 (4), 357–375.
doi:10.1016/S1474-4422(18)30454-X

Bhardwaj, M., and Kumar, A. (2016). Neuroprotective mechanism of Coenzyme
Q10 (CoQ10) against PTZ induced kindling and associated cognitive dysfunction:
Possible role of microglia inhibition. Pharmacol. Rep. 68 (6), 1301–1311. doi:10.
1016/J.PHAREP.2016.07.005

Bora, K. S., and Sharma, A. (2011a). Evaluation of antioxidant and free-radical
scavenging potential of Artemisia absinthium. Pharm. Biol. 49 (12), 1216–1223.
doi:10.3109/13880209.2011.578142

Bora, K. S., and Sharma, A. (2010). Phytochemical and pharmacological potential
of artemisia absinthium linn. And artemisia asiatic nakai: A review. J. Pharm. Res. 3
(2), 325–328. Available at: https://www.cabdirect.org/cabdirect/abstract/
20103155948 (Accessed: May 18, 2022).

Bora, K. S., and Sharma, A. (2011b). The genus artemisia: A comprehensive
review. Pharm. Biol. 49 (1), 101–109. doi:10.3109/13880209.2010.497815

Chen, B., Choi, H., Hirsch, L. J., Katz, A., Legge, A., Buchsbaum, R., et al. (2017).
Psychiatric and behavioral side effects of antiepileptic drugs in adults with epilepsy.
Epilepsy Behav. 76, 24–31. doi:10.1016/J.YEBEH.2017.08.039

Chong, C. M., and Zheng, W. (2016). Artemisinin protects human retinal
pigment epithelial cells from hydrogen peroxide-induced oxidative damage
through activation of ERK/CREB signaling. Redox Biol. 9, 50–56. doi:10.1016/J.
REDOX.2016.06.002

Daneshkhah, M., and Setorki, M. (2019). Protective effects of Artemisia persica
essential oil against Pentylenetetrazol-induced seizure in male mice with
emphasizing its mechanism of action. Iran. Red. Crescent Med. J. 21 (2). doi:10.
5812/ircmj.85021

De Lima, T. C. M., Morato, G. S., and Takahashi, R. N. (1993). Evaluation of the
central properties of Artemisia verlotorum. Planta Med. 59 (4), 326–329. doi:10.
1055/S-2006-959692

Deng, X., Wang, M., Hu, S., Feng, Y., Shao, Y., Xie, Y., et al. (2019). The
neuroprotective effect of astaxanthin on pilocarpine-induced status epilepticus in
rats. Front. Cell. Neurosci. 13, 123. doi:10.3389/fncel.2019.00123

Devinsky, O., Annamaria, V., Terence, J. O. B., Nathalie, J., Ingrid, E. S., and
Marco, D. C. (2018). ‘Epilepsy’. Nat. Rev. Dis. Prim. 4, 18024. Nature Publishing
Group. doi:10.1038/nrdp.2018.24

Eastman, C. L., D’Ambrosio, R., and Ganesh, T. (2020). Modulating
neuroinflammation and oxidative stress to prevent epilepsy and improve
outcomes after traumatic brain injury. Neuropharmacology 172, 107907. doi:10.
1016/J.NEUROPHARM.2019.107907

Engel, T., and Henshall, D. C. (2009). Apoptosis, bcl-2 family proteins and
caspases: The ABCs of seizure-damage and epileptogenesis? Int. J. Physiol.
Pathophysiol. Pharmacol. 1 (2), 97–115. Available at: http:/pmc/articles/
PMC3047241/ (Accessed: August 13, 2022).

Esen, N., and Kielian, T. (2006). Central role for MyD88 in the responses of
microglia to pathogen-associated molecular patterns. J. Immuno 176 (11),
6802–6811. doi:10.4049/JIMMUNOL.176.11.6802

Fricker, M., Tolkovsky, A. M., Borutaite, V., Coleman, M., and Brown, G. C.
(2018). Neuronal cell death. Physiol. Rev. 98 (2), 813–880. doi:10.1152/PHYSREV.
00011.2017

Gao, F., Gao, Y., Liu, Y. F., Wang, L., and Li, Y. J. (2014). Berberine exerts an
anticonvulsant effect and ameliorates memory impairment and oxidative stress in a
pilocarpine-induced epilepsy model in the rat. Neuropsychiatr. Dis. Treat. 10,
2139–2145. doi:10.2147/NDT.S73210

Ge, Z., and Wang, R. (2020). Fate decisions mediated by crosstalk of autophagy
and apoptosis in mammalian cells. J. Biol. Phys. 46 (2), 133–149. doi:10.1007/
s10867-020-09542-9

Geronzi, U., Lotti, F., and Grosso, S. (2018). Oxidative stress in epilepsy. Expert
Rev. Neurother. 18 (5), 427–434. doi:10.1080/14737175.2018.1465410

Golechha, M., Chaudhry, U., Bhatia, J., Saluja, D., and Arya, D. S. (2011).
Naringin protects against kainic acid-induced status epilepticus in rats: Evidence
for an antioxidant, anti-inflammatory and neuroprotective intervention. Biol.
Pharm. Bull. 34 (3), 360–365. doi:10.1248/BPB.34.360

Golub, V. M., and Reddy, D. S. (2022). Post-Traumatic epilepsy and
comorbidities: Advanced models, molecular mechanisms, biomarkers, and novel
therapeutic interventions. Pharmacol. Rev. 74 (2), 387–438. doi:10.1124/
PHARMREV.121.000375

Hamsalakshmi, A., Alex, A. M., Arehally Marappa, M., Joghee, S., and
Chidambaram, S. B. (2022). Therapeutic benefits of flavonoids against
neuroinflammation: A systematic review. Inflammopharmacology 30 (1),
111–136. doi:10.1007/S10787-021-00895-8

Holmes, G. L. (2015). Cognitive impairment in epilepsy: The role of
network abnormalities. Epileptic Disord. 17 (2), 101–116. doi:10.1684/EPD.
2015.0739

Hosseinzadeh, L., Malekshahi, A., Ahmadi, F., Emami, S. A., Hajialyani, M., and
Mojarrab, M. (2018). The protective effect of different extracts of three artemisia
species against H 2 O 2-induced oxidative stress and apoptosis in PC12 neuronal
cells. Pharmacogn. Res. 10 (1), 64–71. doi:10.4103/PR.PR_98_17

Jarrett, S. G., Milder, J. B., Liang, L. P., and Patel, M. (2008). The ketogenic diet
increases mitochondrial glutathione levels. J. Neurochem. 106 (3), 1044–1051.
doi:10.1111/J.1471-4159.2008.05460.X

Kang, J. Y., Seon, K. P., Tian, J. G., Jeong, S. H., Du, S. L., Jong, M. K., et al. (2016).
‘Reversal of trimethyltin-induced learning and memory deficits by 3,5-
dicaffeoylquinic acid’, oxidative medicine and cellular longevity. Oxid. Med. Cell
Longev. 2016, 6981595. doi:10.1155/2016/6981595

Kediso, T. E., Tolessa, T., Getachew, F., Makonnen, E., and Seifu, D. (2021). ‘Effect
of 70% ethanol extract and its solvent fractions of artemisia afra (jacq. Ex willd.)
against pentylenetetrazole-induced seizure in mice’, evidence-based
complementary and alternative medicine. Evid. Based Complement. Altern. Med.
2021, 6690965. doi:10.1155/2021/6690965

Khan, I., Karim, N., Ahmad, W., Abdelhalim, A., and Chebib, M. (2016). ‘GABA-
A receptor modulation and anticonvulsant, anxiolytic, and antidepressant activities
of constituents from artemisia indica linn’, evidence-based complementary and
alternative medicine. Evid. Based Complement. Altern. Med. 2016, 1215393. doi:10.
1155/2016/1215393

Ksiezak-Reding, H., Pyo, H. K., Feinstein, B., and Pasinetti, G. M. (2003).
Akt/PKB kinase phosphorylates separately Thr212 and Ser214 of tau protein
in vitro. Biochim. Biophys. Acta 1639 (3), 159–168. doi:10.1016/j.bbadis.2003.
09.001

Kwon, H., Jung, J. W., Lee, Y. C., Ryu, J. H., and Kim, D. H. (2018).
Neuroprotective effect of the ethanol extract of Artemisia capillaris on transient
forebrain ischemia in mice via nicotinic cholinergic receptor. Chin. J. Nat. Med. 16
(6), 428–435. doi:10.1016/S1875-5364(18)30076-1

Kwon, J. Y., Jeon, M. T., Jung, U. J., Kim, D. W., Moon, G. J., and Kim, S. R.
(2019). Perspective: Therapeutic potential of flavonoids as alternative medicines in
epilepsy. Adv. Nutr. 10 (5), 778–790. doi:10.1093/ADVANCES/NMZ047

Lee, S. G., Lee, H., Nam, T. G., Eom, S. H., Heo, H. J., Lee, C. Y., et al. (2011).
Neuroprotective effect of caffeoylquinic acids from Artemisia princeps Pampanini
against oxidative stress-induced toxicity in PC-12 cells. J. Food Sci. 76 (2),
C250–C256. doi:10.1111/J.1750-3841.2010.02010.X

Lee, S. H., Choi, B. Y., Kim, J. H., Kho, A. R., Sohn, M., Song, H. K., et al. (2017).
Late treatment with choline alfoscerate (l-alpha glycerylphosphorylcholine, α-GPC)
increases hippocampal neurogenesis and provides protection against seizure-
induced neuronal death and cognitive impairment. Brain Res. 1654, 66–76.
doi:10.1016/J.BRAINRES.2016.10.011

Lin, S. P., Li,W.,Winters, A., Liu, R., and Yang, S. H. (2018). Artemisinin prevents
glutamate-induced neuronal cell death via Akt pathway activation. Front. Cell.
Neurosci. 12, 108. doi:10.3389/FNCEL.2018.00108

Lin, T. K., Chen, S. D., Lin, K. J., and Chuang, Y. C. (2020). Seizure-induced
oxidative stress in status epilepticus: Is antioxidant beneficial? Antioxidants (Basel,
Switz). 9 (11), 10299. doi:10.3390/antiox9111029

Lin, T. Y., Lu, C. W., Wang, S. J., and Huang, S. K. (2015). Protective effect of
hispidulin on kainic acid-induced seizures and neurotoxicity in rats. Eur.
J. Pharmacol. 755, 6–15. doi:10.1016/J.EJPHAR.2015.02.041

Ly, J. D., Grubb, D. R., and Lawen, A. (2003). The mitochondrial membrane
potential (δψm) in apoptosis; an update’, Apoptosis. Apoptosis 8, 115–128. doi:10.
1023/A:1022945107762

McElroy, P. B., Liang, L. P., Day, B. J., and Patel, M. (2017). Scavenging reactive
oxygen species inhibits status epilepticus-induced neuroinflammation. Exp. Neurol.
298, 13–22. doi:10.1016/J.EXPNEUROL.2017.08.009

Méndez-Armenta, M., Ruíz, C. N., Rebollar, D. J., Martínez, E. R., and ómez, P. Y.
(2014). ‘Oxidative stress associated with neuronal apoptosis in experimental models
of epilepsy’, Oxidative medicine and cellular longevity. Oxid. Med. Cell Longev.
2014, 293689. doi:10.1155/2014/293689

Mio, J. H., Moscatelli, V., Acevedo, C., and Ferraro, G. (2010).
Psychopharmacological effects of Artemisia copa aqueous extract in mice.
Pharm. Biol. 48 (12), 1392–1396. doi:10.3109/13880209.2010.486407

Pauletti, A., Terrone, G., Shekh-Ahmad, T., Salamone, A., Ravizza, T., Rizzi, M.,
et al. (2019). Targeting oxidative stress improves disease outcomes in a rat model of
acquired epilepsy. Brain 142 (7), e39. doi:10.1093/BRAIN/AWZ130

Qiang, W., Cai, W., Yang, Q., Yang, L., Dai, Y., Zhao, Z., et al. (2018). Artemisinin
B improves learning and memory impairment in AD dementia mice by suppressing
neuroinflammation.Neuroscience 395, 1–12. doi:10.1016/J.NEUROSCIENCE.2018.
10.041

Frontiers in Pharmacology frontiersin.org12

Sailike et al. 10.3389/fphar.2022.1021501

https://doi.org/10.1016/S1474-4422(18)30454-X
https://doi.org/10.1016/J.PHAREP.2016.07.005
https://doi.org/10.1016/J.PHAREP.2016.07.005
https://doi.org/10.3109/13880209.2011.578142
https://www.cabdirect.org/cabdirect/abstract/20103155948
https://www.cabdirect.org/cabdirect/abstract/20103155948
https://doi.org/10.3109/13880209.2010.497815
https://doi.org/10.1016/J.YEBEH.2017.08.039
https://doi.org/10.1016/J.REDOX.2016.06.002
https://doi.org/10.1016/J.REDOX.2016.06.002
https://doi.org/10.5812/ircmj.85021
https://doi.org/10.5812/ircmj.85021
https://doi.org/10.1055/S-2006-959692
https://doi.org/10.1055/S-2006-959692
https://doi.org/10.3389/fncel.2019.00123
https://doi.org/10.1038/nrdp.2018.24
https://doi.org/10.1016/J.NEUROPHARM.2019.107907
https://doi.org/10.1016/J.NEUROPHARM.2019.107907
http:/pmc/articles/PMC3047241/
http:/pmc/articles/PMC3047241/
https://doi.org/10.4049/JIMMUNOL.176.11.6802
https://doi.org/10.1152/PHYSREV.00011.2017
https://doi.org/10.1152/PHYSREV.00011.2017
https://doi.org/10.2147/NDT.S73210
https://doi.org/10.1007/s10867-020-09542-9
https://doi.org/10.1007/s10867-020-09542-9
https://doi.org/10.1080/14737175.2018.1465410
https://doi.org/10.1248/BPB.34.360
https://doi.org/10.1124/PHARMREV.121.000375
https://doi.org/10.1124/PHARMREV.121.000375
https://doi.org/10.1007/S10787-021-00895-8
https://doi.org/10.1684/EPD.2015.0739
https://doi.org/10.1684/EPD.2015.0739
https://doi.org/10.4103/PR.PR_98_17
https://doi.org/10.1111/J.1471-4159.2008.05460.X
https://doi.org/10.1155/2016/6981595
https://doi.org/10.1155/2021/6690965
https://doi.org/10.1155/2016/1215393
https://doi.org/10.1155/2016/1215393
https://doi.org/10.1016/j.bbadis.2003.09.001
https://doi.org/10.1016/j.bbadis.2003.09.001
https://doi.org/10.1016/S1875-5364(18)30076-1
https://doi.org/10.1093/ADVANCES/NMZ047
https://doi.org/10.1111/J.1750-3841.2010.02010.X
https://doi.org/10.1016/J.BRAINRES.2016.10.011
https://doi.org/10.3389/FNCEL.2018.00108
https://doi.org/10.3390/antiox9111029
https://doi.org/10.1016/J.EJPHAR.2015.02.041
https://doi.org/10.1023/A:1022945107762
https://doi.org/10.1023/A:1022945107762
https://doi.org/10.1016/J.EXPNEUROL.2017.08.009
https://doi.org/10.1155/2014/293689
https://doi.org/10.3109/13880209.2010.486407
https://doi.org/10.1093/BRAIN/AWZ130
https://doi.org/10.1016/J.NEUROSCIENCE.2018.10.041
https://doi.org/10.1016/J.NEUROSCIENCE.2018.10.041
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1021501


Qiu, X., Cao, L., Yang, X., Zhao, X., Liu, X., Han, Y., et al. (2013). Role of
mitochondrial fission in neuronal injury in pilocarpine-induced epileptic rats.
Neuroscience 245, 157–165. doi:10.1016/J.NEUROSCIENCE.2013.04.019

Rashidi, R., Ghorbani, A., Rakhshandeh, H., andMousavi, S. H. (2021). Protective
effect of Artemisia absinthium on 6-hydroxydopamine-induced toxicity in SH-
SY5Y cell line. Avicenna J. Phytomed. 11 (3), 238–246. Available at: https://pubmed.
ncbi.nlm.nih.gov/34046320/ (Accessed: February 18, 2022).

Rasooli, I., Rezaee, M. B., Moosavi, M. L., and Jaimand, K. (2003). Microbial
sensitivity to and chemical properties of the essential oil of artemisia annua L.
J. Essent. Oil Res. 15 (1), 59–62. doi:10.1080/10412905.2003.9712268

Rehman, M. U., Wali, A. F., Ahmad, A., Shakeel, S., Rasool, S., Ali, R., et al. (2019).
Neuroprotective strategies for neurological disorders by natural products: An
update. Curr. Neuropharmacol. 17 (3), 247–267. doi:10.2174/
1570159X16666180911124605

Rowley, S., Liang, L. P., Fulton, R., Shimizu, T., Day, B., and Patel, M. (2015).
Mitochondrial respiration deficits driven by reactive oxygen species in experimental
temporal lobe epilepsy. Neurobiol. Dis. 75, 151–158. doi:10.1016/J.NBD.2014.
12.025

Sabogal-Guáqueta, A. M., Hobbie, F., Keerthi, A., Oun, A., Kortholt, A., Boddeke,
E., et al. (2019). Linalool attenuates oxidative stress and mitochondrial dysfunction
mediated by glutamate and NMDA toxicity. Biomed. Pharmacother. = Biomedecine
Pharmacother. 118, 109295. doi:10.1016/J.BIOPHA.2019.109295

Saha, S., Buttari, B., Profumo, E., Tucci, P., and Saso, L. (2022). A perspective on
Nrf2 signaling pathway for neuroinflammation: A potential therapeutic target in
alzheimer’s and Parkinson’s diseases. Front. Cell. Neurosci. 15, 787258. doi:10.3389/
fncel.2021.787258

Sajjad, N., Wani, A., Sharma, A., Ali, R., Hassan, S., Hamid, R., et al. (2019).
Artemisia amygdalina upregulates Nrf2 and protects neurons against oxidative
stress in alzheimer disease. Cell. Mol. Neurobiol. 39 (3), 387–399. doi:10.1007/
S10571-019-00656-W

Sankaraneni, R., and Lachhwani, D. (2015). Antiepileptic drugs--a review.
Pediatr. Ann. 44 (2), e36–e42. doi:10.3928/00904481-20150203-10

Saoudi, M., Badraoui, R., Bouhajja, H., Ncir, M., Rahmouni, F., Grati, M., et al.
(2017). Deltamethrin induced oxidative stress in kidney and brain of rats: Protective
effect of Artemisia campestris essential oil. Biomed. Pharmacother. = Biomedecine
Pharmacother. 94, 955–963. doi:10.1016/J.BIOPHA.2017.08.030

Sayyah, M., Nadjafnia, L., and Kamalinejad, M. (2004). Anticonvulsant activity
and chemical composition of Artemisia dracunculus L. essential oil.
J. Ethnopharmacol. 94 (2–3), 283–287. doi:10.1016/J.JEP.2004.05.021

Scheffer, I. E., Berkovic, S., Capovilla, G., Connolly, M. B., French, J., Guilhoto, L.,
et al. (2017). ILAE classification of the epilepsies: Position paper of the ILAE
commission for classification and terminology. Epilepsia 58 (4), 512–521. doi:10.
1111/EPI.13709

Simani, L., Rezaei, O., Ryan, F., Sadeghi, M., Hooshmandi, E., Ramezani, M., et al.
(2020). Coenzyme Q10 insufficiency contributes to the duration and frequency of
seizures in epileptic patients. Basic Clin. Neurosci. 11 (6), 765–771. doi:10.32598/
BCN.11.6.1100.1

Singh, S., Giri, A., and Giri, S. (2015). The antimalarial agent artesunate causes
sperm DNA damage and hepatic antioxidant defense in mice. Mutat. Res. Genet.
Toxicol. Environ. Mutagen. 777 (1), 1–6. doi:10.1016/J.MRGENTOX.2014.11.001

Sørensen, A. T., and Kokaia, M. (2013). Novel approaches to epilepsy treatment.
Epilepsia 54 (1), 1–10. doi:10.1111/EPI.12000

Sun, C., and Zhou, B. (2017). The antimalarial drug artemisinin induces an
additional, Sod1-supressible anti-mitochondrial action in yeast. Biochim.
Biophys. Acta. Mol. Cell Res. 1864 (7), 1285–1294. doi:10.1016/J.BBAMCR.
2017.04.014

Tan, R. X., Zheng, W. F., and Tang, H. Q. (1998). Biologically active substances
from the genus Artemisia. Planta Med. 64, 295–302. doi:10.1055/s-2006-957438

Terrone, G., Balosso, S., Pauletti, A., Ravizza, T., and Vezzani, A. (2020).
Inflammation and reactive oxygen species as disease modifiers in epilepsy.
Neuropharmacology 167, 107742. doi:10.1016/J.NEUROPHARM.2019.107742

Thurman, D. J., Begley, C. E., Carpio, A., Helmers, S., Hesdorffer, D. C., Mu, J.,
et al. (2018). The primary prevention of epilepsy: A report of the prevention task
force of the international League against epilepsy’. Epilepsia. Epilepsia 59, 905–914.
doi:10.1111/epi.14068

Vezzani, A., Balosso, S., and Ravizza, T. (2019). Neuroinflammatory pathways as
treatment targets and biomarkers in epilepsy. Nat. Rev. Neurol. 15 (8), 459–472.
doi:10.1038/s41582-019-0217-x

Vilar Da Fonsêca, D., da Silva Maia Bezerra Filho, C., Lima, T. C., de Almeida, R.
N., and de Sousa, D. P. (2019). Anticonvulsant essential oils and their relationship
with oxidative stress in epilepsy. Biomolecules 9 (12), E835. doi:10.3390/
BIOM9120835

Wang, J., Liu, Y., Li, X. H., Zeng, X. C., Li, J., Zhou, J., et al. (2017). Curcumin
protects neuronal cells against status-epilepticus-induced hippocampal damage
through induction of autophagy and inhibition of necroptosis. Can. J. Physiol.
Pharmacol. 95 (5), 501–509. doi:10.1139/CJPP-2016-0154

Westphal, D., Dewson, G., Czabotar, P. E., and Kluck, R. M. (2011). Molecular
biology of Bax and Bak activation and action. Biochim. Biophys. Acta 1813 (4),
521–531. doi:10.1016/J.BBAMCR.2010.12.019

Yan, F., Wang, H., Gao, Y., Xu, J., and Zheng, W. (2017). Artemisinin protects
retinal neuronal cells against oxidative stress and restores rat retinal physiological
function from light exposed damage. ACS Chem. Neurosci. 8 (8), 1713–1723. doi:10.
1021/ACSCHEMNEURO.7B00021

Zeng, K. W., Wang, S., Dong, X., Jiang, Y., and Tu, P. F. (2014). Sesquiterpene
dimer (DSF-52) from Artemisia argyi inhibits microglia-mediated
neuroinflammation via suppression of NF-κB, JNK/p38 MAPKs and Jak2/
Stat3 signaling pathways. Phytomedicine 21 (3), 298–306. doi:10.1016/J.
PHYMED.2013.08.016

Zhao, X., Li, S., Gaur, U., and Zheng, W. (2020). Artemisinin improved neuronal
functions in alzheimer’s disease animal model 3xtg mice and neuronal cells via
stimulating the ERK/CREB signaling pathway. Aging Dis. 11 (4), 801–819. doi:10.
14336/AD.2019.0813

Zheng, W., Chong, C-M., Wang, H., Zhou, X., Zhang, L., and Wang, R. (2016).
Mcercortical neurons exposed to sodium nitroprusside-induced oxidative insult.
Free Radic. Biol. Med. 97, 158–167. doi:10.1016/J.FREERADBIOMED.2016.
05.023

Zhu, X., Liu, J., Chen, O., Xue, J., Huang, S., Zhu, W., et al. (2019).
Neuroprotective and anti-inflammatory effects of isoliquiritigenin in kainic acid-
induced epileptic rats via the TLR4/MYD88 signaling pathway.
Inflammopharmacology 27 (6), 1143–1153. doi:10.1007/s10787-019-00592-7

Frontiers in Pharmacology frontiersin.org13

Sailike et al. 10.3389/fphar.2022.1021501

https://doi.org/10.1016/J.NEUROSCIENCE.2013.04.019
https://pubmed.ncbi.nlm.nih.gov/34046320/
https://pubmed.ncbi.nlm.nih.gov/34046320/
https://doi.org/10.1080/10412905.2003.9712268
https://doi.org/10.2174/1570159X16666180911124605
https://doi.org/10.2174/1570159X16666180911124605
https://doi.org/10.1016/J.NBD.2014.12.025
https://doi.org/10.1016/J.NBD.2014.12.025
https://doi.org/10.1016/J.BIOPHA.2019.109295
https://doi.org/10.3389/fncel.2021.787258
https://doi.org/10.3389/fncel.2021.787258
https://doi.org/10.1007/S10571-019-00656-W
https://doi.org/10.1007/S10571-019-00656-W
https://doi.org/10.3928/00904481-20150203-10
https://doi.org/10.1016/J.BIOPHA.2017.08.030
https://doi.org/10.1016/J.JEP.2004.05.021
https://doi.org/10.1111/EPI.13709
https://doi.org/10.1111/EPI.13709
https://doi.org/10.32598/BCN.11.6.1100.1
https://doi.org/10.32598/BCN.11.6.1100.1
https://doi.org/10.1016/J.MRGENTOX.2014.11.001
https://doi.org/10.1111/EPI.12000
https://doi.org/10.1016/J.BBAMCR.2017.04.014
https://doi.org/10.1016/J.BBAMCR.2017.04.014
https://doi.org/10.1055/s-2006-957438
https://doi.org/10.1016/J.NEUROPHARM.2019.107742
https://doi.org/10.1111/epi.14068
https://doi.org/10.1038/s41582-019-0217-x
https://doi.org/10.3390/BIOM9120835
https://doi.org/10.3390/BIOM9120835
https://doi.org/10.1139/CJPP-2016-0154
https://doi.org/10.1016/J.BBAMCR.2010.12.019
https://doi.org/10.1021/ACSCHEMNEURO.7B00021
https://doi.org/10.1021/ACSCHEMNEURO.7B00021
https://doi.org/10.1016/J.PHYMED.2013.08.016
https://doi.org/10.1016/J.PHYMED.2013.08.016
https://doi.org/10.14336/AD.2019.0813
https://doi.org/10.14336/AD.2019.0813
https://doi.org/10.1016/J.FREERADBIOMED.2016.05.023
https://doi.org/10.1016/J.FREERADBIOMED.2016.05.023
https://doi.org/10.1007/s10787-019-00592-7
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1021501

	Neuroprotective and anti-epileptic potentials of genus Artemisia L.
	1 Introduction
	2 The redox-associated neural apoptosis and its role in epilepsy
	2.1 Apoptosis
	2.2 mtDNA damage
	2.3 Mitochondrial fission
	2.4 Mitochondrial Ca2+ accumulation
	2.5 Neuroinflammation
	2.6 Excitotoxicity

	3 The genus artemisia and its antiepileptic activity
	4 Antiepileptic mechanisms of the genus artemisia
	4.1 Antioxidant activity of the genus artemisia
	4.2 Anti-neuroinflammatory effects of the genus artemisia
	4.3 Anti-apoptotic and neuroprotective effects of the genus artemisia
	4.4 Beneficial effect of artemisia on cognitive function

	5 Discussion
	6 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


