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 Abstract: Epilepsy is defined as spontaneous recurrent seizures in the brain. There is increasing evi-
dence that inflammatory mediators and immune cells are involved in epileptic seizures. As more re-
search is done on inflammatory factors and immune cells in epilepsy, new targets for the treatment of 
epilepsy will be revealed. The Janus kinase-signal transducer and transcriptional activator (JAK-
STAT) signaling pathway is strongly associated with many immune and inflammatory diseases, At 
present, more and more studies have found that the JAK-STAT pathway is involved in the develop-
ment and development of epilepsy, indicating the JAK-STAT pathway’s potential promise as a target 
in epilepsy treatment. In this review, we discuss the composition, activation, and regulation of the 
JAK-STAT pathway and the relationship between the JAK-STAT pathway and epilepsy. In addition, 
we summarize the common clinical inhibitors of  JAK and STAT that we would expect to be used in 
epilepsy treatment in the future.  
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1. INTRODUCTION 

 Epilepsy is one of the most common neurological disor-
ders in the world. People with epilepsy also develop learning 
disabilities, memory problems, autism, and other neuropsy-
chiatric disorders that seriously affect their quality of life [1]. 
The causes of epilepsy include genetics, infections, metabo-
lism, immunity, and structure. However, for most patients, 
the cause of their epilepsy remains unknown [2]. Non-
surgical treatment (surgery or vagus nerve stimulation) is 
currently available for a small number of patients, but an-
tiepileptic drugs remain the mainstay of treatment for epilep-
sy in most patients. However, approximately 1/3 of people 
with epilepsy develop resistance to antiepileptic drugs [3]. In 
addition, side effects of some antiepileptic drugs are una-
voidable during treatment. As a result, new treatments are 
urgently needed, that can suppress seizures and avoid unnec-
essary side effects. 
 A major function of the JAK-STAT pathway is to regu-
late growth, hormone release, inflammation, and tumor 
growth. The dysregulation of this pathway can lead to dis-
eases such as cancer, inflammation, and neurodegenerative 
diseases. The regulation of JAKs and STATs by their phos-
phorylation or negative regulation is the main mechanism af-
fecting JAK-STAT activity. The results of several experiments 
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and clinical trials suggest that small-molecule JAK inhibitors 
(Jakinibs), as well as STAT inhibitors targeting JAK-STAT 
signaling, can reduce inflammatory responses caused by cer-
tain diseases, such as autoimmune and inflammatory diseas-
es [4, 5]. 
 Inflammatory and immune factors contribute greatly to 
the development of epilepsy through neuroinflammation. 
The release of inflammatory factors and destruction of the 
blood-brain barrier caused by inflammation, and the activa-
tion of astrocytes and microglia, can cause epilepsy, which 
further causes inflammation and promotes the development 
of epilepsy. The JAK-STAT signaling pathway primarily 
mediates inflammation and immune responses. Currently, 
trials of JAK-STAT pathway inhibitors have shown good 
therapeutic efficacy and they have been partially approved 
for clinical use. In recent years, an increasing number of 
studies have shown that the JAK-STAT pathway is involved 
in the development of epilepsy, and inhibition of JAK-STAT 
activity may lead to epilepsy treatment and further genera-
tion of new small anti-inflammatory molecules [6-8]. 

2. EPIDEMIOLOGY OF EPILEPSY 

 Epilepsy is a chronic neurological disorder that affects 
millions of people around the world. The number of epilepsy 
patients worldwide exceeds 70 million, three-quarters of 
whom live in resource-poor countries with a lack of medical 
services and treatment [9, 10]. The prevalence of epilepsy 
varies by country and region. The median prevalence of ac-
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tive epilepsy was 4.9 per 1,000 for developed countries and 
12.7 per 1,000 and 5.9 per 1000 in rural and urban studies in 
developing countries [11]. Prevalence studies from 12 re-
source-poor countries reported a median prevalence of active 
epilepsy of 12.4 per 1000 [12]. The ILAE 2017 classification 
shows that there are six etiologies of epilepsy: structural, 
genetic, infectious, metabolic, immune, and unknown. In a 
study of 112,744 children aged 3 to 13, there were 606 chil-
dren with epilepsy (CWE), among whom focal epilepsies 
(59% of CWE) and generalized epilepsies (35% of CWE) 
were the most common. Based on the etiological classifica-
tion, epilepsy was classified as unknown in 229 per 100,000 
children (40% of CWE). The genetic etiology included 183 
cases per 100,000 children (32% of CWE) and structural 
etiology in 141 cases per 100,000 children (25% of CWE). 
Metabolic and infectious factors accounted for only 1% and 
2% of the CWE, respectively. However, none of the 606 
CWE had an immunological cause of epilepsy [13, 14]. In 
another study of 653 adults with epilepsy, there were 458 
cases of focal epilepsy, 155 cases of generalized epilepsy, 
and 11 cases of combined focal and general epilepsy (1.7%). 
29 (4.4%) of the patients had no known cause of epilepsy. Of 
the 653 patients with epilepsy, there were 169 cases with 
genetic or presumed genetic causes, 25.9%, and 179 cases 
with structural causes, 27.4% infectious and immunological 
factors accounted for 5.8% and 0.3% of people with epilep-
sy, respectively, and there were no metabolic causes of epi-
lepsy in this study [13, 15]. The age-specific incidence curve 
for epilepsy presents a typical U-shaped (bimodal) pattern 
with high incidence in children and the elderly [16, 17]. At 
present, the sex distribution of epilepsy varies in different 
studies, and some studies have shown a higher proportion of 
men than women with epilepsy [18, 19], and in other studies, 
there is no difference in the incidence of epilepsy by sex [20, 
21]. In addition, the incidence in children is lower in boys 
than in girls [22]. 

3. IMMUNOLOGY IN THE ETIOLOGY OF EPILEP-
SY 

 The International League Against Epilepsy (ILAE) de-
fines six etiological categories: structural, genetic, infectious, 
metabolic, immune, and unknown. In some patients, there 
may be more than one cause of epilepsy. 
 Of the six causes, infection was the most common, re-
sponsible for seizures and persistent epilepsy. Infectious 
causes include bacterial infections (typically bacterial men-
ingitis and tuberculosis), viral infections (herpes simplex), 
and parasitic diseases (toxoplasmosis and malaria) [23]. Sev-
eral factors contribute to epilepsy after infection, including 
the source of infection, the severity of brain injury, age, and 
genetics. During the incubation period between infection and 
seizures, various brain changes can occur, including im-
paired integrity of the blood-brain barrier (BBB), neuronal 
overexcitation, neuronal loss, and gliosis, which may even-
tually lead to spontaneous recurrent seizures. The treatment 
of post-infection epilepsy is similar to that of other sympto-
matic epilepsy, and antiepileptic drugs are selected according 
to symptomatology. In the treatment of epilepsy, clinicians 
need to simultaneously search for infectious causes of sei-
zures, understand local endemic diseases, epidemics, and 
rationally use antibacterial drugs. However, some antimicro-

bial agents may induce seizures and increase or decrease the 
plasma levels of antiepileptics. Therefore, these issues 
should be considered when using antimicrobial agents [24]. 
 Infection and immune factors can cause inflammation in 
the body. More and more studies have shown that neuroin-
flammation leads to epilepsy development. As a consequence 
of neuroinflammation, peripheral immune cells can penetrate 
the BBB, and consequently release pro-inflammatory cyto-
kines (PICs), including interleukin-1 β (IL-1β), IL-1α, IL-6, 
IL-17, IL-18, Tumor necrosis factor-α (TNF-α), and interfer-
on-γ (IFN-γ) [25]. Simultaneously, inflammatory factors in 
peripheral blood can enter the brain through the damaged 
BBB [26]. Neurons, astrocytes, pericytes, perivascular mi-
croglia, and perivascular microglia play roles in the for-
mation and maintenance of the BBB. In the central nervous 
system (CNS), the BBB protects against invasive pathogens 
and maintains stability [27, 28]. The inflammation of the 
CNS causes an increase in reactive oxygen species (ROS) 
and oxidative stress in the brain, which increases susceptibil-
ity to seizures and exacerbates the inflammatory state of the 
brain by PICs, such as transforming growth factor-β (TGF-
β), and prostaglandin E2 (PGE2), which stimulate astrocytes 
and modulate glutamate release, resulting in increased excit-
ability [29, 30]. Activated astrocytes and microglia are found 
in people and animals with epilepsy [31, 32]. Astrocytes in 
the brains of epileptic patients modulate cell excitability by 
regulating extracellular K+ concentration and glutamate 
reuptake, and microglia can influence neuronal excitability 
by increasing the sodium current density [33, 34]. Microglias 
are activated earlier than astrocytes, and cytokines released 
by microglia subsequently induce astrocyte activation, func-
tion, and proliferation [35, 36]. 

 Epilepsy may also be associated with the immune system. 
Epilepsy is promoted by immune cells activated by natural 
immunity, adaptive immunity, and inflammatory mediators. 
The most common manifestations of antibody-associated auto-
immune epilepsy are borderline encephalitis with seizures 
and chronic or acute seizures [37-39]. Among these, auto-
immune encephalitis and epilepsy are associated with intra-
cellular antibodies (glutamic acid decarboxylase 65, anti-
neuronal nuclear antibodies-1, and Ma) and neuronal surface 
antibodies (voltage-gated potassium channel complex,  
N-methyl-d-aspartate receptor, alpha-amino-3-hydroxy-5-
methyl-4-isoxazole-propionic acid, gamma-aminobutyric acid, 
and metabotropic glutamate receptor 5) [40]. Currently, the 
diagnosis of autoimmune epilepsy is based on clinical fea-
tures, magnetic resonance imaging (MRI), and cerebrospinal 
fluid (CSF) analysis. The early identification of immune-
mediated epilepsy can lead to early treatment and favorable 
therapeutic outcomes. Immunotherapy options for epilepsy 
include corticosteroids, intravenous immunoglobulins (IVIg), 
plasmapheresis, and steroid-sparing drugs [25]. The etiology 
of epilepsy remains unknown for some patients. Due to dif-
ferences in medical conditions and economic levels between 
countries, it is impossible to make an accurate diagnosis of 
the etiology of some patients with epilepsy. 

 Metabolic epilepsy is caused by inherited metabolic dis-
orders (IMD), and epilepsy or seizures are common symp-
toms in patients with some IMD, including energy metabo-
lism defects, amino acid metabolism disorder, complex mol-
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ecule and organelle metabolism defects, and neurotransmitter 
disorders [41]. About 42 percent of the genes involved in 
epilepsy were also found to be associated with IMD by gene 
sequencing [42]. A few metabolic seizures are acquired, such 
as folic acid deficiency in the brain. Most patients with met-
abolic epilepsy can be found on routine laboratory or meta-
bolic tests. Glucose transporter 1 (GLUT1) is encoded by the 
solute vector family 2A1 (SLC2A1) gene. There was an as-
sociation between GLUT1 expression and immune cell infil-
tration. A reduction in GLUT1 can lead to impaired energy 
metabolism, which can lead to seizures. When GLUT1 was 
highly expressed, the number of memory B cells decreased 
[43]. The signs and symptoms of metabolic epilepsy can 
overlap with other disorders. Studies have shown that 18% 
of metabolic epilepsy is treated in a specific way. Therefore, 
early diagnosis and identification of metabolic causes of epi-
lepsy are very important to its treatment of it. 

 The most common form of childhood seizures, febrile 
seizures (FS), is usually induced by fever [44]. Dube et al. 
showed that IL-1β, a pyrogenic PIC is critical for the under-
lying heat-induced hyperexcitability of FS [45], and plasma 
levels of proinflammatory and anti-inflammatory factors 
were measured in 55 children with FS. Plasma IL-1RA/IL-
1β ratios significantly increased in patients with FS patients 
and were mostly associated with it [46]. Similarly, increased 
levels of white blood cells have been found in the cerebro-
spinal fluid of children with FS [47]. White interpretation 
plays a vital role in FS, according to these results. In addi-
tion, IL-1β can promote the development of epilepsy through 
the following mechanisms: effects on neuronal survival and 
transcription pathways, rapid action on receptor-gated ion 
channels, and long-term effects on selective gene families 
[48], which may be associated with the development of epi-
lepsy after febrile convulsions. The gram-negative bacterial 
endotoxin, lipopolysaccharide, can induce the release of in-
flammatory factors in macrophages. Injection of lipopoly-
saccharide-induced inflammation in rats decreased the sei-
zure threshold and increased susceptibility to epilepsy, re-
sulting in increased cytokine levels (IL-1β or TNFα) in the 
brains of epileptic rats. At the same time, the number of as-
trocytes and microglia increased in the CA1 region of the 
hippocampus of epileptic rats [49, 50]. 

 Inflammation caused by infection may trigger seizures 
(Fig. 1). Seizures can also trigger inflammation. Immunore-
active beta-amyloid and IL-1β levels were elevated in the 
human temporal lobe tissue of surgically resected patients 
with refractory epilepsy, and the number of microglia was 
three times higher in patients with epilepsy than in controls 
[51]. PICs are also induced in the brain by audiogenic and 
kindled seizures [52, 53]. Severe seizures during persistent 
epilepsy can cause neuronal death. Dead neurons further 
cause an inflammatory cascade, resulting in impairment of 
the BBB, which further promotes the development of epilep-
sy [30]. MRI was performed to study the temporal evolution 
of lesions in an epileptic rat model. At 2 h after status epilep-
ticus (SE), BBB breakdown was observed only in the thala-
mus; it disappeared after 6 h [54]. Due to the activation of 
astrocytes and microglia, BBB dysfunction and neuronal 
death lead to the further development of epilepsy. 

 In addition, some autoimmune diseases can cause sys-
temic inflammation, which may have an important associa-
tion with epilepsy. Systemic lupus erythematosus (SLE) is a 
chronic autoimmune disease that affects multiple organs by 
activating the immune system. Studies have shown that the 
incidence of epilepsy in SLE patients with anticardiolipin 
antibodies is three times higher than that in patients without 
anticardiolipin antibodies [55]. Vasculitis caused by SLE 
lead to BBB damage. Interleukin-10 secreted by microglia 
increases the number of excitatory and inhibitory synapses 
and dendritic spins through the damaged BBB and may be a 
cause of seizures in patients with SLE [56]. Rheumatoid ar-
thritis (RA) is an autoimmune inflammatory disease associ-
ated with rheumatoid factors and anti-cyclocitrullinate pep-
tide antibodies, which involve inflammatory cytokines, such 
as TNFα, IL-1, and IL-6 [57]. Patients with temporal lobe 
epilepsy have higher levels of IL-1β, IL-6, and IL-1RA in 
their serum [58]. The incidence of epilepsy in patients with 
RA was 1.27-fold higher than that in control patients without 
RA. Patients with RA treated with nonsteroidal anti-
inflammatory drugs have a reduced risk of epilepsy [59]. 
Psoriasis is an inflammatory condition of the skin produced 
by the immune system and manifests clinically primarily as 
erythematous plaques with silvery scales on the skin, includ-
ing the nails and scalp [60]. Various immune cells are in-
volved in the pathogenesis of psoriasis including the Th1 
lymphocytes, CD4+ T cells, γδ T-cells, natural killer (NK) 
cells, and innate lymphoid cells (ILCs) [61]. Future studies 
on the association between this metabolic abnormality and 
seizures are needed. Inflammatory bowel disease (IBD) af-
fects the digestive system, including ulcerative colitis (UC) 
and Crohn's disease (CD). T-helper (Th) 17 and regulatory T 
(Treg) cells are mainly involved in the immune regulation of 
IBD. The Th17/Treg is significantly increased in the periph-
eral blood of patients with IBD [62]. There is a significant 
increase in epilepsy risk among CD and UC patients, accord-
ing to a retrospective study [63]. Type 1 diabetes mellitus 
(T1DM) is an autoimmune disease with beta-cell destruction. 
In a retrospective open cohort study, patients with T1DM 
had a three-fold increased risk of epilepsy compared to 
matched controls without diabetes [42, 64]. The antibodies 
associated with T1DM are glutamic acid decarboxylase 
(GAD) antibodies; however, not all T1DM patients with 
GAD antibodies have epilepsy. The probability of occur-
rence of TIDM increases only when the level of GAD anti-
body reaches a certain level [65]. GAD is mainly expressed 
in the CNS and is responsible for the synthesis of the major 
inhibitory neurotransmitter γ-aminobutyric acid (GABA). 
Therefore, anti-GAD antibodies may influence the occur-
rence of epilepsy by affecting GABA synthesis and GABA-
receptor binding [65]. The association between this metabol-
ic abnormality and seizures needs to be further studied in the 
future. By studying the relationship between epilepsy pa-
tients and 12 autoimmune disorders, Ganelin et al., found that 
patients with psoriasis were about twice as likely to develop 
epilepsy as the control group [66]. Therefore, inflammation 
caused by certain infectious and immune factors can cause 
neuronal death, damage to the blood-brain barrier, release of 
proinflammatory factors by astrocytes and microglia to in-
duce epilepsy, and seizures can also cause neuronal death 
and aggravate the inflammatory response. Therefore, it may 
be possible to prevent or limit the occurrence of epilepsy by 
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controlling inflammation in the brain and targeting inflam-
matory mediators.

4. CURRENT TREATMENTS FOR EPILEPSY  

 Presently, the preferred treatment for epilepsy is antiepi-
leptic drugs, and the existing antiepileptic drugs mainly pre-
vent the occurrence of epilepsy through different mecha-
nisms, including ion channel blockers, GABA enhancers, 
and glutamate blockers. The classification of antiepileptic
agents according to different mechanisms of action is pre-
sented in Table 1. 
 Voltage-gated ion channels, especially sodium, calcium, 
potassium, and hyperpolarization-activated cyclic nucleo-
tide-gated (HCN) channels, are mainly associated with epi-
leptic seizures. Blocking voltage-gated sodium channels is 
the most common mechanism of action among currently 
available antiepileptic drugs. The normal resting neuronal 
membrane potential is extracellular positive and intracellular 
negative. Usually, inhibition processes mediated by an in-
ward chlorine or outward potassium current hyperpolarize
the membrane, and excitation processes mediated by an in-
ward sodium or calcium current depolarize the membrane 
[67]. 

 Sodium channel blockers (phenytoin, carbamazepine, 
oxazepine) suppress seizures by reducing the influx of sodi-
um [68-70]. Lacosamide can slowly inactivate voltage-gated 
sodium channels [71]. Currently, calcium channels associat-
ed with the α1 subunit mainly include L-, N-, P-, Q-, and T-
type channels. Topiramate can block L-type calcium current 
[72]. Zonisamide (ZNS) is a third-generation antiepileptic 
drug that inhibits T-type calcium currents [73]. Lamotrigine 
acts mainly by blocking voltage-dependent sodium channels. 
In addition, it can modulate calcium channels and HCN 

channels [74]. GABA is an inhibitory neurotransmitter in the 
brain, essential for maintaining the balance between neuronal 
excitation and inhibition. It can transmit information from 
one neuron to another and block additional electrical activi-
ties [75]. GABA plays an inhibitory role in neurons by bind-
ing to membrane-bound receptors and acts mainly on two 
types of receptors: ionic receptors of ligand-gated ion chan-
nels (GABAA and GABAC receptors) and metabolic receptors 
of G-protein-coupled receptors (GABAB receptors) [76, 77]. 
When GABA binds to GABAA receptors, it increases cell 
membrane permeability to chloride ions, generating inhibitory 
postsynaptic potentials, leading to membrane hyperpolariza-
tion, and making it more difficult for neurons to reach action 
potentials. The binding of GABA to GABAB receptors inhibits 
calcium channels or inactivates potassium channels. A prima-
ry goal of therapies targeting GABA-mediated neuronal inhi-
bition is to restore equilibrium between excitation and inhibi-
tion [75]. Glutamate (Glu) is a main excitatory neurotransmit-
ter in the brain. Glutamate promotes the influx of sodium and 
calcium ions and the outflow of potassium ions by binding to 
glutamate receptors. Glutamate receptors are mainly divided 
into ionic and metabolic glutamate receptors. The ionic gluta-
mate receptors are divided into three types: N-methyl-D-
aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoazole-
propionic acid (AMPA), and 2-carboxy-3-carboxymethyl-4-
isopropenylpyrrolidine (kainate) receptors [78]. Topiramate 
exerts its antiepileptic effects through various mechanisms, 
including ion channel blocking, GABA inhibition, and anti-
glutamate effect [68]. Diazepam and lorazepam increase the
frequency of opening the chloride channel of the GABAA 
receptor [79]. In addition, levetiracetam exerts antiepileptic 
effects by interacting with the synaptic vesicle protein 
SVA2, which is suitable for focal and secondary tonic-clonic 
seizures and absence seizures [80, 81]. 

 

Fig. (1). The pathophysiological cascades of inflammation in epilepsy. The pathological events caused by infection or immunity lead to the 
activation of microglia and astrocytes and the destruction of the blood-brain barrier (BBB). The inflammatory mediators released will enter 
the brain or blood through the damaged BBB, and then cause a series of pathophysiological results. Inflammation in the brain can cause sei-
zures and cell death, which in turn creates a vicious cycle that leads to epilepsy. Drawing by Figdraw (www.figdraw.com). (A higher resolu-
tion/colour version of this figure is available in the electronic copy of the article). 
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Table 1. Current drug treatments for epilepsy. 

Drugs Mechanism Clinical Use Side Effects References 

Phenytoin Block sodium channels Partial and tonic-clonic seizures Vertigo, hirsutism,  Rash [68] 

Carbamazepine Block sodium channels Partial and tonic-clonic seizures Hyponatremia, dizziness, somnolence, 
nausea, headache, diplopia, vomiting [69, 82] 

Oxcarbazepine Block sodium channels Simple partial seizures, complex partial 
seizures Rash, hyponatremia [70, 83] 

Valproic Acid Block sodium channels Generalized and partial seizures Weight gain, hair loss, hepatotoxicity, 
pancreatitis, gastritis [68, 84] 

Lamotrigine 
Block sodium channels modulate calcium 

channels (N- and P/Q-type) and HCN 
channels 

Refractory partial epilepsy, absence 
seizures, generalized seizures, and 

Lennox-gestalt syndrome 

Steven’s Johnsson syndrome; dizziness, 
diplopia, sedation, skin rashes, blurred 

vision 
[74, 85] 

Levetiracetam Bind to the SV2A protein 
Focal and secondarily generalized 
tonic-clonic seizures and absence 

seizures 

Depression, Somnolence, dizziness, 
asthenia, sedation [80, 81] 

Zonisamide Block sodium channels and T-type  
calcium currents Block sodium Partial seizures Weight loss, somnolence, dizziness, 

nausea, headache [73] 

Topiramate 

Block sodium channel, enhance GABA 
inhibition by GABAA receptors, modulate 

calcium and potassium channels, the 
antagonistic effect on AMPA/kainate 

subtype of glutamate receptor 

Partial-onset or primary  
generalized tonic-clonic seizures, 

Lennox-Gastautsyndrom 

Cognitive impairment, weight loss, 
sedation, dizziness, [83, 86] 

Lacosamide Block sodium channels and T-type  
calcium currents Partial-onset seizures Dizziness, abnormal vision, diplopia 

and ataxia [71] 

Lorazepam Increase the frequency of opening of the 
chloride channel of the GABAA receptor Status epilepticus 

Respiratory arrest, amnesia, dizziness, 
ataxia, confusion, sedation, depression, 

and tachycardia 
[79, 87] 

 
 Currently, known antiepileptic drugs mainly control the 
symptoms of epilepsy and do not effectively protect the brain 
from cell death caused by epileptic seizures and prevent the 
future development of chronic epilepsy. Traditional antiepi-
leptic drugs can cause a variety of adverse reactions, which 
can be divided into two kinds: early adverse reactions (cuta-
neous adverse reactions, somnolence, dizziness, gastrointes-
tinal events) and late adverse reactions (psychotic episodes, 
behavioral problems, depression, impaired cognition, osteo-
porosis). Among them, the most common is a cutaneous ad-
verse reaction. Aromatic anticonvulsants such as phenytoin 
(PHT), phenobarbital, and carbamazepine (CBZ) are the 
most common drugs that cause skin adverse reactions. Skin 
adverse reactions caused by antiepileptic drugs mainly in-
clude generalized morbilliform rashes and urticaria, which 
disappear in a few days. Severe skin adverse reactions can be 
life-threatening, including drug reactions with eosinophilia 
and systemic symptoms (DRESS), Stevens-Johnson syndrome 
(SJS), and toxic epidermal necrolysis (TEN). The adverse skin 
reaction caused by antiepileptic drugs may be anaphylactic 
hypersensitivity, and this allergic reaction is related to immune 
response [74]. The covalent adduct formed by the irreversibly 
binding of AEDs active metabolites to cellular proteins can 
bind to T cells as haptens and trigger an immune response 
[85]. Clinical studies have shown that PHT, CBZ, and valpro-
ic acid (VPA) inhibit immune activity, reduce the ratio of 
CD4+ to CD8+, and change serum concentrations of IgA, 
IgG, and IgM [80]. Epoxide hydroxylase detoxifies the me-
tabolites of aromatic amine anticonvulsants, and the absence 
or abnormality of epoxide hydroxylase leads to the accumu-

lation of toxic metabolites that trigger the immune response 
involved in DRESS (Table 1) [81-87]. 
 Therefore, new therapeutic targets and drugs need to be 
found. Inflammation can promote the occurrence and devel-
opment of epilepsy by affecting the function of the BBB and 
the activation of astrocytes and microglia. Therefore, regulat-
ing the inflammatory response in the brain and targeting in-
flammatory mediators may be effective therapeutic strategies 
to prevent or limit the occurrence of epilepsy in the nervous 
system. Anti-inflammatory therapy given during the incuba-
tion period shortly after nervous system injury (before epi-
leptic seizures) may reduce the effects of inflammation on 
the brain after injury, reduce the release of PICs and reduce 
the risk of epileptic seizures. Similarly, anti-inflammatory 
therapy given after epileptic seizures may reduce the in-
flammatory response to neuronal death caused by epileptic 
seizures and prevent further development of epilepsy. 
Treatments for epilepsy caused by autoimmune encephalitis 
include adrenocorticotropic hormone, plasmapheresis, glu-
cocorticoids, monoclonal antibodies, and immunoglobulins. 
Due to the lack of randomized controlled trials evaluating the 
efficacy of immunotherapy for autoimmune epilepsy. Cur-
rent immunotherapy recommendations are based on case 
series and clinical experience [73, 86]. Therefore, antiepilep-
tic drugs are still the first choice for routine treatment of epi-
lepsy caused by other causes. 
 The JAK-STAT signaling pathway is one of the key fac-
tors that promote neuroinflammation in neurodegenerative 
diseases, which has been proved by its multiple functions in 
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neurology disease. Accumulation of misfolded synuclein and 
loss of dopamine neurons in the brain are important features 
of Parkinson's disease (PD). The JAK1/2 inhibitor AZD1480 
inhibited inflammatory gene expression in microglia and 
macrophages by reducing STAT1 and STAT3 activation, 
preventing the degeneration of dopamine neurons in vivo 
[88]. The deposition of beta-amyloid (Aβ) protein in senile 
plaques is the primary pathology associated with Alzheimer's 
disease(AD). Studies have shown that nicotinic acetylcholine 
receptors can reduce Aβ neurotoxicity through JAK2-STAT3 
activation and its derivatives inhibit the neurotoxicity of Aβ 
by activating the JAK2-STAT3 pathway and preserving cho-
linergic function [89, 90]. Multiple Sclerosis (MS) is an in-
flammatory, demyelinating disease of the central nervous 
system (CNS). Studies have shown that the activation of the 
JAK-STAT pathway can promote the survival of oligoden-
drocytes. This promotes the production of myelin and myelin 
proteins, enhancing myelin regeneration. SOCS3 can inhibit 
the JAK pathway and reverse this effect, confirming the 
above assumption. This effect can be used therapeutically to 
enhance myelin regeneration in the future [91]. Huntington's 
disease(HD)is a neurological disorder characterized by in-
voluntary movements (chorea) and cognitive changes. 
SOCS3 significantly inhibited The JAK-STAT3 pathway in 
a nonhuman primate lentiviral vector-based model of HD, 
prevented astrocyte reactivity, and decreased microglial acti-
vation [92]. 

5. THE JAK-STAT SIGNALING PATHWAY 

 The cytokine receptor activates the JAK-STAT pathway 
through multiple combinations of JAK and STAT family 
members. Non-covalent binding of JAK to the cytokine re-
ceptor mediates tyrosine phosphorylation of the receptor, 
followed by STAT phosphorylation to form homodimers, 
isodimers, or tetramers. They then move from the cytoplasm 
to the nucleus, where they act as transcription factors regu-
lating gene expression [93, 94]. When type I and type II cy-
tokines bind to their homologous receptors, JAK-STAT sig-
naling is activated. Each receptor is composed of multiple 
subunits, and the specificity of type I and type II cytokine 
binding to JAK or STAT depends on the type of subunit of 
the homologous receptor (Table 2). JAKs and STATs are the 
components of JAK-STAT signaling. In mammals, the JAK 
family consists of four members: JAK1, JAK2, JAK3, and 
Tyk2. The STAT family currently consists of seven mem-
bers: STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, 
and STAT6. 

5.1. The JAK Family 

 There are four members of the JAK family: JAK1, JAK2, 
JAK3, and Tyk2. JAK1, JAK2, and Tyr2 are expressed in 
almost all tissues [95-97]. JAK3 is preferentially expressed 
in the hematopoietic cells, lymphocytes, endothelial cells, 
and vascular smooth muscle cells [98-100]. JAKs contain 
four domains (Fig. 2): the FERM domain (F for 4.1 protein, 
E for ezrin, R for radixin, and M for moesin), which consists 
of 298 amino acids, is the connectome of the membrane cy-
toskeleton [101]. The Src homology 2 (SH2) domain inter-
acts with tyrosine phosphorylation sites to recruit statins to 
receptor complexes [102]. The pseudokinase domain is a 
kinase-like domain (KL) with catalytic activity [103]. Pro-

tein tyrosine kinases (PTK) exist mainly in multicellular or-
ganisms and are particularly important in cell differentiation 
and processes related to specific cell functions [104]. There 
are seven JAK homology domains (JH) in the JAK structure. 
 The JAK1 human gene is located on chromosome 1p31.3 
and JAK2 on chromosome 9p24 [105]. JAK3 is located at 
19p13.1, and Tyk2 is located at 19p13.2 [96, 106]. JAK1 is 
approximately 135 kDa, JAK2 is 130 kDa, JAK3 is 120 kDa, 
and Tyk2 is 140 kDa [107]. The activation of JAK2, TYK2, 
and STAT4 is critical to the differentiation of Th1 cells, 
while the activation of JAK1/3 and STAT6 is critical for the 
Th2 cell differentiation [108]. JAK1 is activated by cytokine 
receptors with a γc receptor subunit and receptors with a 
gp130 subunit. Additionally, type II cytokine receptors can 
effectively activate STAT1 [109]. JAK2 is a non-receptor 
tyrosine kinase that promotes cell growth and proliferation. It 
can transmit a variety of cytokine signals and participates in 
inflammatory signal transduction [110]. JAK2 can also be 
phosphorylated by cytokine receptors, with the βc receptor 
and type II cytokine receptors [111]. JAK3 is mainly related 
to immune function and participates in the formation of vari-
ous cytokines such as IL-2, IL-4, IL-7, and IL-9 [112]. JAK3 
primarily binds to receptors with γ receptor chains, including 
IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 [113]. Tyk2 plays a 
pivotal role in innate and acquired immunity in humans and 
is activated mainly by type II cytokines [109]. 

5.2. The STAT Family 

 There are seven members of the STAT family: STAT1-4, 
STAT5a-b, and STAT6. STATs have six different domains 
(Fig. 3): an N-terminal domain (ND), a coiled-coil domain 
(CCD), a DNA-binding domain (DBD) located within the 
protein, a linker domain (LD), an SH2 domain, and a tran-
scriptional activation domain (TAD). The ND-mediated oli-
gomerization enables Stat5 to extend its range of target sites 
considerably by utilizing nonconsensus-binding sites [114]. 
The CCD, necessary for the interaction between STAT3 and 
the IL-6 receptor, consists of four antiparallel helices [115]. 
The DBD, located between amino acids 400 and 500, forms 
a complex with DNA and STAT proteins to bind the regula-
tory sequence of the target gene [109]. The linking domain, 
as an independent transactivation domain, connects the DBD 
to the SH2 domain [114, 116]. The SH2 domain interacts 
with a variety of proteins to influence multiple signaling 
pathways. 
 The SH2 domain binds STAT to the receptor complex by 
interacting with its tyrosine phosphorylation site [102]. Ty-
rosine and serine phosphorylation sites are present in the 
TAD that is required for STAT activation [117]. 
 STAT1 (composed of two isomers STAT1α (91 kD) and 
STAT1β (84 kD)) [116] is mainly activated by IFN and has 
the following biological functions: inhibition of cell growth, 
regulation of cell differentiation, promotion of cell apoptosis, 
inhibition of tumor occurrence, and regulation of the immune 
system [109]. In humans, STAT2 is located on chromosome 
12 [101], and cannot bind to DNA directly but can bind to 
the DNA-binding protein IRF-9 by forming a dimer with 
STAT1α or STAT1β [116]. The biological functions of 
STAT2 include antiviral action, immunomodulatory activity, 
and tumorigenesis [109]. STAT2 is activated by IFN-α and 
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Table 2. JAKs and STATs that are activated by cytokines. 

Type I Cytokines JAKs STATs 

Cytokines Whose Receptors Share γc 

IL-2, IL-7, IL-9, IL-15, IL-21 JAK1, JAK3 STAT5, STAT3 

IL-4 JAK2 STAT3, STAT5 

Cytokines Whose Receptors Share βc 

IL-3, IL-5 JAK2 STAT3, STAT5 

GM-CSF JAK2 STAT3, STAT5 

Cytokines Whose Receptors Share gp130 

IL-6, IL-11 JAK1, JAK2, TYK2 STAT1, STAT3 

IL-12 JAK1, TYK2 STAT4 

IL-23 JAK2, TYK2 STAT3, STAT4 

IL-27 JAK1, JAK2, TYK2 STAT1, STAT2, STAT3, STAT4, STAT5 

GH JAK2 STAT3, STAT5a 

EPO JAK2 STAT5 

TPO JAK2 STAT1, STAT3, STAT5 

Leptin JAK2 STAT3, STAT5a 

G-CSF JAK2 STAT5 

Type II Cytokines 

IFNα/β JAK1, TYK2 STAT1, STAT2, STAT3, STAT4 

IFNγ JAK1, TYK2 STAT1, STAT2, STAT3, STAT4 

IL-10 JAK1, TYK2 STAT1,STAT3,STAT5 

IL-19 JAK1, JAK2, TYK2 STAT3 

IL-20 JAK1, JAK2, TYK2 STAT3 

IL-22 JAK1, JAK2, TYK2 STAT1, STAT3, STAT5 

IL-24 JAK1 STAT3 

IL-28 JAK1, TYK2 STAT1, STAT2, STAT3, STAT4, STAT5 

IL-29 JAK1, TYK2 STAT1, STAT2, STAT3, STAT4, STAT5 
 

 

Fig. (2). Diagram of JAK structural domains. There are four functional domains and JAK homology domains (JH). Four functional domains: 
kinase, pseudokinase, four-point-one protein, Ezrin, Radixin, and Moesin domain (FERM), and Src homology 2 (SH2) domains. (A higher 
resolution/colour version of this figure is available in the electronic copy of the article). 
 
IFN-β. STAT3 consists of two alternately spliced isomers: 
full-length STAT3α and truncated STAT3β [118]. Compared 
with STAT1 and STAT2, STAT3 is not only responsible for 
regulating cell growth, differentiation, apoptosis, and im-
munity but is also involved in the regulation of cancer stem 
cells [109]. STAT3 is activated by IL-6 family members, IL-
10 family members, IL-21, IL-27, granulocyte colony-
stimulating factor (G-CSF), leptin, and IFN-Is [119, 120]. 

Similar to STAT1, STAT4 contains two types of clipped 
transcripts: STAT4α and STAT4β. STAT4 is activated by 
IL-12, type I interferon (IFN-I), IL23, IL27, and IL35, etc. 
STAT4 can increase the Th1 cell differentiation, cytotoxici-
ty, and IFNγ production by immune cells, and regulate tumor 
cell migration and proliferation [121]. The transcription fac-
tor STAT4 is activated by IFN-I, IL-12, and IL-23 [122, 
123]. Unlike other STAT members, STAT5 comprises 
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STAT5a and STAT5b. STAT5a can form dimers and tetram-
ers that bind to DNA, whereas STAT5b forms dimers [124]. 
STAT5 protein is activated by a variety of cytokines and 
growth factors, including prolactin, growth hormone (GH), 
IL-2, IL-7, IL-9, IL-15, IL-3, IL-5, erythropoietin, and 
thromboietin [105]. Recently, STAT5 has been shown to 
have biological functions in cell growth, differentiation 
apoptosis, and tumor immune regulation [109]. The human 
STAT6 gene is located on chromosome 12q13-q14. STAT6 
signaling is primarily activated by IL-4 and the highly relat-
ed cytokine, IL-13. STAT6 has several biological functions 
in the immune system. When STAT6 is altered, it can lead to 
allergic reactions, tumors, and autoimmune diseases [109, 
125]. The cytokines that activate STAT6 include IL-4 and 
IL-13 [126]. 

5.3. Activation of JAK-STAT Signaling Pathways 
 At present, there are two main activation methods for the 
JAK-STAT pathway: canonical pathway and noncanonical 
pathway. According to the canonical JAK-STAT pathway, 
receptor dimerization of receptor-associated JAK kinases 
through binding of ligands (e.g., cytokines) to transmem-
brane receptors leads to phosphorylation of JAK to form a 
STATs docking site (Fig. 4). JAK phosphorylates STAT at 
this docking site. STAT separates from the receptor via SH2-
domain phosphotyrosine interactions and forms homodimers 
or heterodimers. Dimers bind to the promoters of target 
genes and regulate transcription. 
 Unlike typical signaling patterns, various STAT3 target 
genes can be expressed in response to unphosphorylated 
STAT3. In an atypical pattern, a portion of unphosphorylated 
STAT is localized to the nucleus of heterochromatin protein-
1 (HP1)-associated heterochromatin. The unphosphorylated 
STAT associated with heterochromatin is critical for HP1 
localization and heterochromatin stability. The activation of 
STAT by phosphorylation results in the diffusion of STAT 
from heterochromatin, which leads to HP1 replacement and 
heterochromatin instability [127, 128]. Drosophila has con-
firmed the existence of a non-classical pathway, and unphos-
phorylated mammalian STAT proteins affect gene transcrip-
tion through a mechanism different from that of phosphory-
lated STAT [128-130]. 

5.4. Negative Regulators of JAK-STAT Signaling Path-
ways 
 The JAK-STAT pathway is regulated by a variety of 
negative regulators. To date, there are three main negative 
regulatory factors: suppressor of cytokine signaling (SOCS), 
protein inhibitor of activated STAT (PIAS), and protein tyro-
sine phosphatases (PTPs) (Fig. 4). 

 The SOCS, together with the cytokine-induced SH2 do-
main protein (CIS), form a family of intracellular proteins. 
There are eight main members of this intracellular protein 
family: SOCS1-7 and CIS. Activated STAT forms a dimer 
and enters the nucleus where it induces SOCS expression. The 
SOCS inhibits the JAK-STAT signaling pathway by binding 
to phosphorylated JAK. The SOCS protein consists of an N-
terminal region of varying length and sequence, a central Src 
homology 2 (SH2) domain, and a carboxy-terminal 40-amino 
acid module, known as the "SOCS box" [131]. Negative regu-
lation of SOCS is mainly carried out in the following three 
ways: (1) SOCS binds to phosphotyrosine on the receptor to 
prevent STAT from attaching to the receptor [132]. (2) SOCS 
specifically binds JAK or its receptor to inhibit the JAK kinase 
activity [109]. (3) The SOCS box, cullin5 scaffold protein, 
and elongation protein B/C complex bind to form an elonga-
tion protein-cullin-SOCS3 E3 ubiquitin-linked enzyme com-
plex [133]. This complex degrades SOC-bound JAKs and 
STATs via polyubiquitination [109]. 
 The mammalian PIAS protein family mainly consists of 
four members: PIAS1, PIAS3, PIASx (PIASxα and PIASβ), 
and PIASy. A protein named GBP (Gu/Rh-II binding pro-
tein) is closely associated with PIAS1, which lacks the NH2 
terminal 9 amino acid residue compared with PIAS1, so PI-
AS1 may be a complete version of GBP [134]. Studies have 
shown that PIAS1 and PIAS3 specifically inhibit STAT1 and 
STA3 expression, respectively. The DNA-binding activity of 
STAT is blocked by PIAS1 and PIAS3 to inhibit STAT-
mediated gene activation [135, 136], and PIASx and PIASy 
interact with STAT4 and STAT1, respectively. PIASx and 
PIASy inhibit transcription without affecting STAT DNA-
binding activity [137, 138]. The PTPs family can be divided 
into three categories according to the groups in the catalytic 
center: Cys-based phosphatases (classes I, II, and III), Asp-
based phosphatases, and His-based phosphatases [139]. The 
PTPs can dephosphorylate the JAK-binding substrate and 
dephosphorylate and inactivate the STAT dimer through the 
SH domain, thus inhibiting the JAK-STAT signaling path-
way [140, 141]. 
 In addition, STAT-interacting LIM proteins (SLIM) and 
microRNAs can modulate the JAK-STAT pathway by inhib-
iting STAT4. The SLIM is a nuclear ubiquitin E3 ligase that 
inhibits the JAK-STAT pathway by promoting STAT4 deg-
radation and dephosphorylation [142]. A number of miRNAs 
have been shown to interfere with IL12-STAT4 signaling 
[121]. In primary human NK cells, miRNA132, -212, and  
-200 up-regulation negatively regulates the IL-12 signaling 
pathway by reducing STAT4 expression [143]. 
 The JAK-STAT3 pathway plays a key role in the control 
of astrocyte reactivity. The STAT3 protein is involved in 

 
 

Fig. (3). Schematic of STAT structural domains. STAT proteins contain six domains: an N-terminal domain (ND), the coiled-coil domain 
(CCD), the DNA-binding domain (DBD) located amid the protein, the linker domain (LD), the SH2 domain and the transcriptional activation 
domain (TAD). (A higher resolution/colour version of this figure is available in the electronic copy of the article). 
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Fig. (4). The activation and negative regulation of the JAK-STAT pathway. Negative regulation is indicated by red dotted arrows, while acti-
vation is indicated by black arrows. JAK-STAT activation: ���The binding of cytokines to receptors leads to dimerization of receptor mole-
cules, activating JAKs. ��The STAT protein is attracted to the docking sites created by these phosphorylated tyrosine sites. �  As a result of 
being phosphorylated and activated, STATs form homodimers or heterodimers. ��A STAT-STAT dimer translocates to the nucleus and 
controls gene expression. JAK-STAT inhibition: The JAK-STAT pathway is negatively regulated by three different types of proteins: sup-
pressor of cytokine signaling (SOCS), protein inhibitor of activated STAT (PIAS), and protein tyrosine phosphatases (PTPs). Three ways are 
available to the SOCS family for negatively regulating the JAK/STAT pathway: (1) The SOCS protein binds to the phosphotyrosine on the 
receptor to prevent STAT from being recruited. (2) SOCS inhibits JAK activity by directly binding JAK or its receptor. (3) SOCS forms a 
B/C-cullin5 complex that degrades JAK or STAT bound to the SOCS protein through polyubiquitination. PIAS inhibits STAT binding to 
DNA by interacting with STAT dimers. PTPs can dephosphorylate the JAK-binding substrate and dephosphorylate and inactivate the STAT 
dimer. (A higher resolution/colour version of this figure is available in the electronic copy of the article). 
 
regulating the production of cytokines and chemokines dur-
ing inflammation in astrocytes. Astrocytic with the treatment 
of high glucose upregulated the expression of TNF-α, IL-6, 
IL-1β� and IL-4, and this process can be blocked by 
STAT3 inhibitors [144]. Astrocytes also secrete a variety of 
trophic factors including brain-derived neurotrophic factor 
(BDNF), glial cell line-derived neurotrophic factor, and leu-
kemia suppressor (LIF). Studies have shown that certain 
cytokines and nutritional factors activate the JAK-STAT 
pathway to promote neuroprotection [145]. The activation of 
STAT through signal transduction of the LIF receptor can 
enhance the survival rate of oligodendrocytes, which is an 
effective treatment strategy for demyelinating disease [91]. 
In astrocytes, STAT3 reduces reactive oxygen species pro-
duction and increases levels of the antioxidant glutathione to 
reduce oxidative stress levels [146]. In addition, STAT3 can 
regulate autophagy by regulating the expression of autopha-
gy-related genes [147]. Microglia, like astrocytes, can also 
release a variety of nutritional factors, such as BDNF, nerve 
growth factor, hepatocyte growth factor, epidermal growth 
factor, and others. BDNF can affect the JAK-STAT pathway 
to regulate the expression of GABA receptors. Pathological 
changes can induce the activation of microglia. Activated mi-
croglia have two phenotypes: M1 and M2. M1 phenotype ac-
tivation is associated with proinflammatory cytokines and M2 
phenotype activation is associated with anti-inflammatory 
cytokines. The released cytokines may activate the JAK-
STAT pathway by binding to the receptor [148]. Microglia are 

also associated with autophagy. TLR4-dependent autophagy 
might regulate microglial polarization and could induce is-
chemic white matter damage via the STAT1/6 pathway [149]. 
In addition, activated microglia can up-regulate the expression 
of MHC II, become antigen-presenting cells, and activate 
CD4+T cells to participate in the pathogenesis of PD [150]. 

6. THE JAK-STAT SIGNALING PATHWAY IN EPI-
LEPSY 

 A growing body of research suggests that the JAK-STAT 
pathway may be involved in epilepsy. After analyzing differ-
ential gene expression in rat hippocampal cells in a pilocar-
pine model of epilepsy, Okamoto et al. found activation of 
JAK-STAT signaling pathways during epileptic seizures. 
The expression profiles of JAK3 and STAT3 were up-
regulated in the hippocampus of pilocarpine-treated rats at 
different times during epileptic onset compared with the con-
trol group. The finding reveals dynamic molecular changes 
occurring in the hippocampus, which may provide a refer-
ence for future research on alternative therapeutic strategies 
for preventing epilepsy after acquired brain injury [151]. 
Similarly, pSTAT3 in the hippocampus was significantly 
increased at 24 h and at different time points in the hippo-
campus, cortex, and cerebellum of mice with epileptic per-
sistence. STAT3 increased by 68% at 24 hours. In the chron-
ic phase, it increased again, reaching 55%, and the STAT3 
levels in the cortex increased by 63% after 24 hours [152].  
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 The JAK-STAT pathway may affect the occurrence and 
development of epilepsy by affecting neuronal excitability, 
neuronal migration, neuronal synchronization, glial cell acti-
vation, and synaptic plasticity. 
 To investigate the effect of peripheral inflammation on 
seizure susceptibility and neuronal excitability through im-
mune signaling, 2,4,6-trinitrobenzene sulfonic acid (TNBS) 
was injected into the colons of rats to initiate a model of T-
helper 1 cell-mediated inflammatory bowel disease. Riazi et 
al. examined brain excitability by administration of pentate-
trazole to induce clonic seizures in mice. Following the ap-
plication of 4-aminopyridine to hippocampal slices from 
TNBS-treated rats, spontaneous interictal burst firing was 
increased, suggesting increased intrinsic excitability [153]. 
The release of inflammatory mediators occurs as a result of 
the inflammatory response. In the brain, IL-1β functions 
mainly by increasing NMDA receptor function and enhanc-
ing the concentration of extracellular glutamate [154]. In 
addition, IL-1β inhibits glutamate reuptake, which results in 
increased excitability in neurons and increases extracellular 
glutamate levels [155, 156]. The increased neuronal excita-
bility and astrocytic activation induced by IL-1β may lead to 
increased glutamatergic transmission, resulting in seizure 
activity [157]. IL-1β has also been reported to inhibit 
GABA-mediated Cl− fluxes, potentially causing hyperexcit-
ability by reducing inhibitory transmission [158]. Lipopoly-
saccharide (LPS)-induced release of proinflammatory media-
tors and microglial proliferation and migration rates are also 
significantly increased, accompanied by activation of the 
JAK-STAT pathway [159]. Hypogonadotropic hypogonad-
ism is caused by impaired hypothalamic gonadotropin-
releasing hormone (GnRH) neuron migration or GnRH regu-
lation. After the knockdown or scrambling of the nasal em-
bryonic luteinizing hormone-releasing factor (NELF) gene in 
the GnRH neurons, RNA was extracted and cDNA assays 
were carried out. Ko et al. found that the expression of tran-
scription factors and cell migration genes in GnRH neurons 
was frequently altered. The above results were found to be 
related to the regulation of the JAK-STAT signaling pathway 
by NELF in GnRH neurons [160]. Known as a hyper syn-
chronized state of neurons, epilepsy is a functional brain 
disorder associated with the excessive synchronization of 
large populations of neurons. GABA is the major neuro-
transmitter that inhibits the brain. At present, GABA recep-
tors are mainly divided into GABAA, GABAB, and GABAC. 
GABAA and GABAC are ionotropic receptors; GABAB is a 
metabotropic receptor. GABAA receptors are composed of 
multiple subunit subtypes (α1-6, β1-3, γ1-3, δ, ε, θ, π, and 
ρ1-3). The GABAA receptor (GABAAR) is the major inhibi-
tory neurotransmitter receptor in the brain. Studies have 
shown that BDNF regulates the JAK-STAT pathway to re-
duce the expression of the GABAARα1 subunit associated 
with epilepsy [161]. Gabaergic inhibition has traditionally 
been seen as the main mechanism for balancing glutama-
tergic excitation and preventing the firing of hypersynchro-
nized neurons. The JAK-STAT pathway activation and re-
duced GABAARα1 subunit levels result in decreased inhibi-
tion and increased excitation, causing intense, hypersynchro-
nous neuronal activity. Recordings of electroencephalog-
raphy (EEG) during such episodes demonstrate ictal (sei-
zure) discharges of high amplitude [162]. 

 The glial cells (astrocytes, microglia, and oligodendro-
cytes) are involved in the pathophysiology of a variety of 
neurological diseases. To date, clinical and animal studies 
have revealed that astrocyte dysfunction can cause hyperex-
citability, neurotoxicity, and seizures. The European Com-
mission of the ILAE also suggested that glial cells and in-
flammation may influence seizure development and progres-
sion [163]. Neuroinflammation causes neuronal hyperexcita-
bility and seizures, which promote proinflammatory cytokine 
production, triggering inflammatory mediator cascades 
downstream. Thus, a malignant positive feedback loop is 
formed between seizures and inflammatory mediators. In a 
kainic acid (KA) fire model, 7 days after seizure induction, 
STAT3 increased the levels of IL-1β, IL-6, and TNF-α, as 
well as the activation of astrocytes and microglia in the hip-
pocampus of epileptic rats. The use of the STAT3 inhibitor 
AG490 inhibited the activation of glial cells and inflammato-
ry responses [164]. Similarly, another study showed that 1 
day after KA-induced seizures in mice, STAT3 activation 
caused microglial activation and neuroinflammation associ-
ated with monocyte infiltration [165]. 
 Synaptic plasticity refers to the ability of neurons to mod-
ify synaptic transmission, and in the mammalian brain, long-
term potentiation (LTP) and long-term inhibition (LTD) are 
two forms of persistent synaptic plasticityEvidence suggests 
that the JAK-STAT pathway affects synaptic plasticity via 
the AMPA and NMDA receptors [166]. Administration of 
the JAK inhibitor AG490 blocked the induction of NMDAR-
LTD in rat hippocampal sections. In organic-type sections 
transfected with JAK2 short hairpin RNA(shRNA) and 
STAT3 shRNA, CA1 cells in patch-clamp recording sections 
failed to induce LTD. This suggests that JAK phosphoryla-
tion and NMDA receptor activation promote synaptic stimu-
lation. Therefore, LTD is regulated by the JAK-STAT path-
way, and the cytoplasmic activity of STAT3 plays a crucial 
role in synaptic plasticity [167]. Lithium-pilocarpine was 
used to induce seizures in 3-week-old rats, and neuronal 
death was observed on the first day after the seizure. Howev-
er, there was no impairment of synaptic plasticity at that 
time. A decrease in LTP caused by the weakening of NMDA 
receptor-dependent signaling was observed 3 days later. The 
negative effects of status epilepticus on plasticity increased 
after 1 week, accompanied by astrocytosis. According to 
these results, synaptic plasticity is impaired by a disorder of 
neuron-astrocyte interactions [168]. Leite et al. found that 
synaptic changes in experimental models of epilepsy involv-
ing dendritic spines and postsynaptic density (PSD) during 
LTP were accompanied by changes in spine morphology, an 
increase in the proportion of perforated PSD synapses, and 
the formation of multiple spinal buttons from the same den-
drite [169]. These results suggest that JAK-STAT-affected 
NMDA receptor-LTD as well as disruption of neuron-
astrocyte interactions contribute to synaptic plasticity dam-
age. 

 Some antibody-mediated encephalitis, such as those as-
sociated with autoantibodies to GABAR, AMPAR, AMPAR, 
or Leucine-rich glioma-inactivated 1 (LGI1), may cause sei-
zures accompanied by synaptic dysfunction, impaired synap-
tic plasticity, and hyperexcitability. GABAR-mediated inhib-
itory postsynaptic currents (IPSCs) and miniature IPSCs can 
block glutamatergic transmission. When hippocampal neu-
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rons were treated with serum from patients with GABA en-
cephalitis, the number of synaptic GABAAR clusters were 
significantly reduced. The frequency of miniature IPSCs was 
also reduced in neurons treated with patient serum, which 
ultimately caused abnormal neuronal firing [170]. After in-
jecting mice with cerebrospinal fluid antibodies from pa-
tients with NMDAR encephalitis. There was a significant 
reduction in NMDAR levels in the hippocampus, which was 
accompanied by severe impairments in learning and memory 
as well as a reduction in LTP [171, 172]. In rat brains, 
NMDAR antibodies can affect synaptic plasticity in neurons, 
resulting in decreased inhibitory synaptic density in excitato-
ry hippocampal neurons [173]. When injected intraventricu-
larly into mice with a patient's NMDAR antibody, Wright et 
al. found that mice were more sensitive to PTZ-induced sei-
zures [174]. Like NMDARs, The AMPAR is a subunit-based 
excitatory glutamatergic receptor comprised of four GluA1-4 
subunits. Antibodies against either GluA1 or GluA2 subunits 
cause AMPAR surface levels to be reduced in patients with 
anti-AMPAR encephalitis [175, 176]. The concentrations of 
AMPAR subunits GluA1 and GluA2 and NMDAR subunit 
NR2B were significantly reduced in a chronic temporal lobe 
epilepsy model [177, 178]. Borderline encephalitis with anti-
LGI1 antibodies can also cause seizures. There is a trans-
synaptic complex formed by LGI1 that includes presynaptic 
disintegrin and metalloproteinase domain-containing protein 
23 (ADAM23) (which is associated with the potassium 
channels Kv1.1). When LGI1 patient-derived immunoglobu-
lin G (IgG) antibody was injected into mice, a significant 
increase in evoked excitatory postsynaptic current (eEPSC), 
neuronal hyperexcitability, and increased glutamatergic 
transmission was observed by patch-clamp in hippocampal 
slices of mice, which may be regulated by the Kv1.1 potassi-
um channels [179]. Analysis of synaptic plasticity in the 
CA1 region of the hippocampus revealed that LTP was se-
verely impaired, which may be mediated by ineffective re-
cruitment of postsynaptic AMPAR [180]. These results sug-
gest that the LGI1 antibody can inhibit the interaction of 
LGI1 with ADAM22 and ADAM23, thereby affecting Kv1.1 
potassium channels and AMPAR. 

 Although autoimmune-related encephalitis antibodies by 
influencing the excitability of neurons and synaptic plastici-
ty-induced seizures, existing only in the study reported a 
JAK-STAT pathway can adjust GABAR, on the other hand, 
although the JAK-STAT pathway related to the immune, but 
is involved in regulating the immune encephalitis and its 
related receptor remains to be further research. 

7. POTENTIAL INHIBITORS OF THE JAK-STAT 
PATHWAY AS A NOVEL TREATMENT STRATEGY 
FOR EPILEPSY TREATMENT 

7.1. JAK Inhibition 

 JAK inhibitors are classified as first- and second-
generation and are currently used primarily for a variety of 
indications, including arthritis, allergy, graft-versus-host 
disease (GVHD), IBD, psoriasis, and lupus. First-generation 
JAK inhibitors inhibit more than one type of JAK, whereas 
second-generation JAK inhibitors can selectively inhibit a 
single JAK to improve efficacy and reduce side effects. 

7.1.1. First-generation 

 Tofacitinib mainly inhibits JAK1 and JAK3 and inhibits 
JAK2 to some extent. Besides being used in psoriasis [181, 
182], tofacitinib is also used in the treatment of alopecia, 
vitiligo, psoriatic arthritis, and UC [183-185]. In addition, 
tofacitinib improves cardiometabolic and immunological 
parameters associated with premature atherosclerosis in SLE 
[186]. Recent studies have shown that tofacitinib reduces 
inflammation during COVID-19 and significantly reduces 
mortality from COVID-19 [187, 188]. The most common 
adverse reactions to lovastatin are infections of the respirato-
ry and urinary systems and skin-related infections, such as 
shingles. Patients treated with tofacitinib had decreased he-
matologic hemoglobin levels, and reduced neutrophil and 
lymphocyte counts. Some patients develop urticaria, angi-
oedema, and rash [183]. Ruxolitinib competitively inhibits 
ATP-binding catalytic sites on JAK1 and JAK2 [189]. Rux-
olitinib is a medication used to manage refractory acute 
graft-versus-host diseases. The most common adverse events 
observed with ruxolitinib include ecchymosis, headache, 
dizziness, anemia, and thrombocytopenia [7]. Baricitinib 
further affects the signaling of a variety of cytokines by in-
hibiting JAK1 and JAK2 [190]. Existing research suggests 
that barisinib improved psoriasis, specific dermatitis, alope-
cia areata, and RA [182, 191-193]. In addition, baricitinib in 
combination with remdesivir increased the outcome of 
treatment in patients with COVID-19 [188, 194]. Peficitinib 
is a JAK1, JAK2, JAK3, and Tyk2 (pan-JAK) inhibitor that 
is indicated for treating RA, CD, and UC [195, 196]. 
Oclacitinib is also a pan-JAK inhibitor shown to improve 
allergic dermatitis in dogs [197, 198]. 

7.1.2. Second-generation 

 A selective JAK1 inhibitor, upadacitinib is approved for 
the treatment of moderate-to-severe RA, CD, and atopic 
dermatitis [199-202]. Upadacitinib is highly selective for 
JAK1 and very weak for other JAKS, so its use can reduce 
some of the adverse reactions. The JAK1 inhibitor filgotinib 
is the latest therapy approved for treating RA [203]. Fedrat-
inib, a selective JAK2 inhibitor, was approved in the United 
States in 2019 for the treatment of intermediate-risk primary 
or secondary myelofibrosis. Common clinical side effects 
include diarrhea, dizziness, nausea, vomiting, and elevated 
levels of serum creatinine, lipase, amylase, and aminotrans-
ferase [204]. Decernotinib is a new jakinib that selectively 
blocks JAK3. Decernotinib is currently used as a JAK inhibi-
tor in the treatment of RA and psoriasis. The most common 
adverse events were nausea, headache, diarrhea, upper res-
piratory tract infections, and hypercholesterolemia [182, 
205]. Gandotinib is a potent and selective small-molecule 
inhibitor of JAK2. Recently, gandotinib has been shown to 
be safe and tolerated in phase I and II clinical trials in pa-
tients with primary myelofibrosis, polycytopenia, and prima-
ry thrombocytopenia [205, 206].  
 First-generation jakinibs block multiple JAKs, so first-
generation jakinibs have more adverse reactions including 
infection, anemia, hyperlipidemia, etc. In addition, jakinibs 
also reduce creatinine clearance. Ruxolitinib has been shown 
to inhibit the expression of NLRP3 inflammasome and 
pSTAT3 proteins in neurons and microglia in middle cere-
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bral artery occlusion (MCAO) mice, and to inhibit the ex-
pression of many proinflammatory factors, including TNF-α, 
IL-1β, IL-2 and IL-6 [207]. 

7.2. STAT Inhibition 

 As an important member of the JAK-STAT signaling 
pathway, The STAT gene has been shown to be a target for 
the treatment of several diseases. It blocks the phosphoryla-
tion and activation of STAT by blocking one or more JAK 
members, which may affect other signaling pathways. STAT 
inhibitors are more specific than JAK inhibitors and have 
fewer side effects. Recently, STAT3 and STAT5 inhibitors 
are the most widely studied inhibitors of the STAT family. 
Among the STAT3 inhibitors, small-molecule inhibitors and 
natural inhibitors are the most common. Therefore, we main-
ly introduced STAT3 and STAT5 inhibitors. 

7.2.1. Small-molecule STAT3 Inhibitors 

 Small STAT3 inhibitors are classified according to their 
chemical scaffolds, namely quinone derivatives, benzo [b] 
thiophene-1, 1-dioxygen derivatives, curcumin derivatives, 
quinoline derivatives, and salicylic acid derivatives [8]. 
 Small-molecule STAT3 inhibitors containing quinone 
stents inhibit the expression of downstream target genes of 
STAT3 by inhibiting its DNA binding, phosphorylation, 
dimerization, and transcriptional activity of STAT3. STAT3 
inhibitors containing the benzo [b] thiophene 1, 1-dioxide 
scaffold target mainly the SH2 domain, thus selectively in-
hibiting dimerization and nuclear translocation. The curcu-
min and derivatives of curcumin inhibit the activation of 
STAT3 by IFNα and IL-6 and the subsequent nuclear trans-
location of STAT3 [208]. Small-molecule STAT3 inhibitors 
based on salicylic acid scaffolds are being developed to tar-
get the SH2 domain. Quinoline derivatives are novel inhibi-
tors of STAT3 dimerization that can selectively eliminate the 
DNA-binding activity of STAT3 [209]. 

7.2.2. Natural STAT3 Inhibitors 

 Selective natural STAT3 inhibitors can be classified ac-
cording to their chemical structure, including terpenoids, 
alkaloids, and other types. 

 There are three main types of natural terpene inhibitors: 
1. Those that inhibit STAT3 phosphorylation by binding to 
the SH2 domain of STAT3. 2. Those that bind to the DBD of 
STAT3. 3. Inhibitors of JAK and STAT3 [8]. Berberine and 
homoharringtonine inhibit STAT3 activation in tumor cells 
[185, 186]. Other STAT3 inhibitors, such as galiellactone, 
can inhibit STAT3 binding to DNA. Ilamycin C can inhibit 
the phosphorylation of JAK2 and STAT3 [210-213]. 

7.2.3. STAT5 Inhibitors 

 STAT5 inhibitors can inhibit any key stage of its activa-
tion and are currently used in the treatment of cancer, espe-
cially hematological tumors. There are three STAT5 inhibi-
tors that interact and reduce its activity. The first inhibitor 
inhibits the tyrosine phosphorylation of STAT5. Pimozide is 
a potential STAT5 inhibitor that may be used to treat chronic 
myeloid leukemia (CML). By blocking tyrosine phosphory-

lation of STAT5, pimozide can reduce the expression of 
STAT5 target genes in KU812 and KU562 cells, reduce cell 
viability, and induce tumor cell apoptosis [214]. Another 
study demonstrated that pimozide effectively reduced 
STAT5 peripheral T-cell lymphoma (PTCL), an aggressive 
form of non-Hodgkin's lymphoma, and blocked STAT5 acti-
vation by binding to its SH2 domain [215]. The small non-
peptide compound niacinamide attenuates STAT5 phosphor-
ylation, thereby preventing its binding to DNA. The second 
class of STAT5 inhibitors, including BP-1-108, 13A, and 
AC-4-130, reduced STAT5 activation and target gene ex-
pression in different cells. The third type of inhibitor is a 
STAT5 transcriptional activity inhibitor that binds to bro-
minated dopamine, a transcription regulator bromodomain 
containing 2 (BRD2). The JQ1 attenuates STAT5 transcrip-
tional activity by inhibiting the STAT5-BRD2 interaction 
[216]. In addition, 21-mer decoy oligodeoxynucleotide 
(dODN) inhibits STAT5 activation by blocking its DNA-
binding region [217]. 
 However, the development of STAT inhibitors still faces 
several challenges. Owing to the high homology between 
STAT1 and STAT3, the use of STAT3 inhibitors may cause 
untargeted blocking of STAT1. In addition, in response to 
IL-6 stimulation, STAT3-deficient cells complete relevant 
signal transduction by activating STAT1 instead of STAT3 
[218]. Thus, when STAT is specifically blocked, other mem-
bers of the STAT family may compensate for this. The com-
pensatory effect of STAT should be considered when devel-
oping new STAT inhibitors. Therefore, the development of 
STAT inhibitors with multiple targets may be a better 
choice. The main challenges currently facing the develop-
ment of STAT inhibitors are bioavailability and selectivity 
issues. As STAT inhibitors are currently used in cancer 
treatment, the primary adverse effect is increased tumor cell 
survival [219]. 

CONCLUSION AND FUTURE PERSPECTIVE 

 In this review, we discuss the composition, activation, 
and related positive and negative regulators of the JAK-
STAT signaling pathway and introduce the possible mecha-
nism underlying the effect of JAK-STAT on epilepsy from 
the perspectives of neuronal excitability alteration, neuronal 
migration, neuronal synchronization, activation of glial cells, 
synaptic plasticity and autoimmune encephalitis related re-
ceptors. Although there are few clinical and animal studies 
on JAK-STAT and epilepsy, this signaling pathway may be a 
potential target for epilepsy therapy in the future. However, 
there are some problems regarding this signaling pathway 
and epilepsy. First, although there are related JAK and STAT 
inhibitors in clinical practice, whether these drugs can be 
used directly in patients with epilepsy requires further clini-
cal trials. Second, the role of the JAK-STAT pathway in the 
pathogenesis of epilepsy and whether the JAK-STAT path-
way co-affects epilepsy with other signaling pathways have 
not been fully clarified. Third, the role of negative regulators 
in the JAK-STAT pathway in the treatment of epilepsy 
should be carefully evaluated. Fourth, the noncanonical pat-
tern of JAK-STAT signaling regulates heterochromatin sta-
bility. Whether heterochromatin is related to the develop-
ment of epilepsy requires further study. Fifth, whether JAK 
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and STAT inhibitors interact with antiepileptic drugs and 
whether the inhibitors reduce or increase the concentration of 
antiepileptic drugs should be evaluated. Therefore, clinicians 
should pay close attention to the blood concentrations of 
antiepileptic drugs in patients with epilepsy when using 
JAK-STAT inhibitors. Sixth, the optimal duration of inhibi-
tor use also needs to be determined in subsequent clinical 
studies, and whether inhibitors should be continued after the 
inflammatory response disappears. Seventh, whether JAK 
inhibitors are further involved in the development and pro-
gression of epilepsy by affecting neurons and synapses need 
further investigation. Lastly, owing to the large number of 
members of the JAK and STAT families, the effect of the 
selection of different inhibitors on patients with different 
types of epilepsy needs to be verified by further clinical tri-
als. Antiepileptic drugs have indications, and the selection of 
appropriate inhibitors for different types of epilepsy may 
reduce adverse reactions. 

 Therefore, we consider the JAK-STAT pathway to be a 
potential target for therapeutic intervention in epilepsy. Fur-
ther in-depth analyses of the regulatory role of the JAK-
STAT pathway in epilepsy will be a significant direction of 
future epilepsy research. Furthermore, a greater focus should 
also be put on the role of negative regulators of the JAK-
STAT pathway in treating epilepsy. 

LIST OF ABBREVIATIONS 

ADAM22 = A Disintegrin and Metalloproteinase Domain-
Containing Protein 22 

ADAM23 = A Disintegrin and Metalloproteinase Domain-
Containing Protein 23 

AEDs = Antiepileptic Drugs 
BBB = Blood-brain Barrier 
BDNF = Brain-derived Neurotrophic Factor 
BRD2 = Bromodomain Containing 2 
CBZ = Carbamazepine 
CCD = Coiled-coil Domain 
CD = Crohn's Disease 
CIS = Cytokine-induced SH2 Domain Protein 
CML = Chronic Myeloid Leukemia 
CNS = Central Nervous System 
CSF = Cerebrospinal Fluid  
CWE = Children With Epilepsy 
DBD = DNA-binding Domain 
dODN = Decoy Oligodeoxynucleotide 
EEG = Electroencephalography 
eEPSC = Evoked Excitatory Postsynaptic Current 
EGF = Epidermal Growth Factor 
FERM = Four-point-one protein, Ezrin, Radixin, and 

Moesin Domain 
FS = Febrile Seizures 

G-CSF = Granulocyte Colony-stimulating Factor 
GABA = γ-aminobutyric Acid 
GABAAR = GABA Type A Receptor 
GAD = Glutamic Acid Decarboxylase 
GBP = Gu/Rh-II Binding Protein 
GH = Growth Hormone 
Glu = Glutamate 
GM-CSF = Granulocyte-macrophage Colony-stimulating 

Factor 
GnRH = Gonadotropin-releasing Hormone 
GVHD = Graft-versus-host Disease 
HCN = Hyperpolarization-activated Cyclic Nucleo-

tide-gated 
IBD = Inflammatory Bowel Disease 
IFN-I = Interferon-I 
IFN-α = Interferon-α 
IFN-β = Interferon-β 
IFN-γ = Interferon-γ 
IgG = Immunoglobulin G 
IL-1 = Interleukin-1 
IL-1β = Interleukin-1 β 
IL-2 = Interleukin-2 
IL-3 = Interleukin-3 
IL-6 = Interleukin-6 
ILAE = International League Against Epilepsy 
ILCs = Innate Lymphoid Cells 
IMD = Inherited Metabolic Disorders 
IPSCs = Inhibitory Postsynaptic Currents 
IVIg = Intravenous Immunoglobulins 
JAK = Janus Kinase 
JH = JAK Homology 
KA = Kainic Acid 
KL = Kinase-like 
LD = Linker Domain 
LGI1 = Leucine-rich Glioma-inactivated 1 
LncRNA = Long Non-coding RNA 
LPS = Lipopolysaccharide 
LTD = Long-term Inhibition 
LTP = Long-term Potentiation 
MRI = Magnetic Resonance Imaging 
ND = N-terminal Domain 
NELF = Nasal Embryonic Luteinizing Hormone-

Releasing Factor 
NK = Natural Killer 
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NMDA = N-methyl-D-aspartate 
PDGF = Platelet-derived Growth Factor 
PGE2 = Prostaglandin E2 
PHT = Phenytoin  
PIAS = Protein Inhibitor of Activated STAT 
PICs = Proinflammatory Cytokines 
PSD = Postsynaptic Density 
PTCL = Peripheral T-cell Lymphoma 
PTK = Protein Tyrosine Kinases 
PTPs = Protein Tyrosine Phosphatases 
RA = Rheumatoid Arthritis 
SH2 = Src Homology 2 
shRNA = Short Hairpin RNA 
SLE = Systemic Lupus Erythematosus 
SOCS = Suppressor of Cytokine Signaling 
STAT = Signal Transducer and Activator of Tran-

scription 
T1DM = Type 1 Diabetes Mellitus 
TAD = Transcriptional Activation Domain 
TGF-β = Transforming Growth Factor-β 
Th = T-helper 
TLE = Temporal Lobe Epilepsy 
TNBS = 2,4,6-Trinitrobenzene Sulfonic 
TNF = Tumor Necrosis Factor 
Treg = Regulatory T 
UC = Ulcerative Colitis 
UCA1 = Urothelial Carcinoma-associated 1 
VPA = Valproic Acid 
ZNS = Zonisamide 

CONSENT FOR PUBLICATION 

 Not applicable. 

FUNDING 

 This work is supported by the National Natural Science 
Foundation of China (Grant no. 8187050439) and Projects of 
Jilin Province Science and Technology Development Plan 
(Grant no. 20190304045YY). 

CONFLICT OF INTEREST 

 The authors declare no conflict of interest, financial or 
otherwise. 

ACKNOWLEDGEMENTS 

 The authors would like to thank Figdraw 
(www.figdraw.com) for their drawing help. 

REFERENCES 
[1] Devinsky, O.; Vezzani, A.; O’Brien, T.J.; Jette, N.; Scheffer, I.E.; 

de Curtis, M.; Perucca, P. Epilepsy. Nat. Rev. Dis. Primers, 2018, 
4(1), 18024. 
http://dx.doi.org/10.1038/nrdp.2018.24 PMID: 29722352 

[2] Falco-Walter, J.J.; Scheffer, I.E.; Fisher, R.S. The new definition 
and classification of seizures and epilepsy. Epilepsy Res., 2018, 
139, 73-79. 
http://dx.doi.org/10.1016/j.eplepsyres.2017.11.015 PMID: 
29197668 

[3] Macdonald, R.L.; Kelly, K.M. Antiepileptic drug mechanisms of 
action. Epilepsia, 1995, 36, S2-S12. 
http://dx.doi.org/10.1111/j.1528-1157.1995.tb05996.x PMID: 
8784210 

[4] Ransohoff, R.M. How neuroinflammation contributes to neuro-
degeneration. Science, 2016, 353(6301), 777-783. 
http://dx.doi.org/10.1126/science.aag2590 PMID: 27540165 

[5] Tiwari, P.C.; Pal, R. The potential role of neuroinflammation and 
transcription factors in Parkinson disease. Dialogues Clin. Neuro-
sci., 2017, 19(1), 71-80. 
http://dx.doi.org/10.31887/DCNS.2017.19.1/rpal PMID: 28566949 

[6] Liau, N.P.D.; Laktyushin, A.; Lucet, I.S.; Murphy, J.M.; Yao, S.; 
Whitlock, E.; Callaghan, K.; Nicola, N.A.; Kershaw, N.J.; Babon, 
J.J. The molecular basis of JAK/STAT inhibition by SOCS1. Nat. 
Commun., 2018, 9(1), 1558. 
http://dx.doi.org/10.1038/s41467-018-04013-1 PMID: 29674694 

[7] Aschenbrenner, D.S. New indication for ruxolitinib. Am. J. Nurs., 
2022, 122(1), 20. 
PMID: 34941588 

[8] Wang, Z.; Hui, C.; Xie, Y. Natural STAT3 inhibitors: A mini per-
spective. Bioorg. Chem., 2021, 115, 105169. 
http://dx.doi.org/10.1016/j.bioorg.2021.105169 PMID: 34333418 

[9] Ba-Diop, A.; Marin, B.; Druet-Cabanac, M.; Ngoungou, E.B.; 
Newton, C.R.; Preux, P.M. Epidemiology, causes, and treatment of 
epilepsy in sub-Saharan Africa. Lancet Neurol., 2014, 13(10), 
1029-1044. 
http://dx.doi.org/10.1016/S1474-4422(14)70114-0 PMID: 
25231525 

[10] Neligan, A.; Shorvon, S.D. Frequency and prognosis of convulsive 
status epilepticus of different causes: A systematic review. Arch. 
Neurol., 2010, 67(8), 931-940. 
http://dx.doi.org/10.1001/archneurol.2010.169 PMID: 20697043 

[11] Ngugi, A.K.; Bottomley, C.; Kleinschmidt, I.; Sander, J.W.; New-
ton, C.R. Estimation of the burden of active and life-time epilepsy: 
A meta-analytic approach. Epilepsia, 2010, 51(5), 883-890. 
http://dx.doi.org/10.1111/j.1528-1167.2009.02481.x PMID: 
20067507 

[12] Burneo, J.G.; Tellez-Zenteno, J.; Wiebe, S. Understanding the 
burden of epilepsy in Latin America: A systematic review of its 
prevalence and incidence. Epilepsy Res., 2005, 66(1-3), 63-74. 
http://dx.doi.org/10.1016/j.eplepsyres.2005.07.002 PMID: 
16125900 

[13] Falco-Walter, J. Epilepsy—definition, classification, pathophysiol-
ogy, and epidemiology. Semin. Neurol., 2020, 40(6), 617-623. 
http://dx.doi.org/10.1055/s-0040-1718719 PMID: 33155183 

[14] Aaberg, K.M.; Surén, P.; Søraas, C.L.; Bakken, I.J.; Lossius, M.I.; 
Stoltenberg, C.; Chin, R. Seizures, syndromes, and etiologies in 
childhood epilepsy: The International League Against Epilepsy 
1981, 1989, and 2017 classifications used in a population-based 
cohort. Epilepsia, 2017, 58(11), 1880-1891. 
http://dx.doi.org/10.1111/epi.13913 PMID: 28949013 

[15] Bosak, M.; Słowik, A.; Kacorzyk, R.; Turaj, W. Implementation of 
the new ILAE classification of epilepsies into clinical practice — A 
cohort study. Epilepsy Behav., 2019, 96, 28-32. 
http://dx.doi.org/10.1016/j.yebeh.2019.03.045 PMID: 31077939 

[16] Forsgren, L.; Beghi, E.; Oun, A.; Sillanpää, M. The epidemiology 
of epilepsy in Europe - a systematic review. Eur. J. Neurol., 2005, 
12(4), 245-253. 
http://dx.doi.org/10.1111/j.1468-1331.2004.00992.x PMID: 
15804240 

[17] Mrabet, H.; Mrabet, A.; Mansour, M. Epidemiological and medical 
aspects of epilepsy in the elderly. Tunis. Med., 2007, 85(1), 67. 
PMID: 17424714 



The JAK-STAT Signaling Pathway in Epilepsy Current Neuropharmacology, 2023, Vol. 21, No. 10     2063 

[18] Õun, A.; Haldre, S.; Mägi, M. Incidence of adult epilepsy in Esto-
nia. Acta Neurol. Scand., 2003, 108(4), 245-251. 
http://dx.doi.org/10.1034/j.1600-0404.2003.00121.x PMID: 
12956857 

[19] Olafsson, E.; Hauser, W.A.; Ludvigsson, P.; Gudmundsson, G. 
Incidence of epilepsy in rural Iceland: A population-based study. 
Epilepsia, 1996, 37(10), 951-955. 
http://dx.doi.org/10.1111/j.1528-1157.1996.tb00532.x PMID: 
8822693 

[20] Sander, J.W.; Hart, Y.M.; Johnson, A.L.; Shorvon, S.D. National 
General Practice Study of Epilepsy: Newly diagnosed epileptic sei-
zures in a general population. Lancet, 1990, 336(8726), 1267-1271. 
http://dx.doi.org/10.1016/0140-6736(90)92959-L PMID: 1978113 

[21] Forsgren, L.; Bucht, G.; Eriksson, S.; Bergmark, L. Incidence and 
clinical characterization of unprovoked seizures in adults: A pro-
spective population-based study. Epilepsia, 1996, 37(3), 224-229. 
http://dx.doi.org/10.1111/j.1528-1157.1996.tb00017.x PMID: 
8598179 

[22] Sidenvall, R.; Forsgren, L.; Blomquist, H.K.; Heijbel, J. A commu-
nity-based prospective incidence study of epileptic seizures in chil-
dren. Acta Paediatr., 1993, 82(1), 60-65. 
http://dx.doi.org/10.1111/j.1651-2227.1993.tb12518.x PMID: 
8453224 

[23] Vezzani, A.; Fujinami, R.S.; White, H.S.; Preux, P.M.; Blümcke, I.; 
Sander, J.W.; Löscher, W. Infections, inflammation and epilepsy. 
Acta Neuropathol., 2016, 131(2), 211-234. 
http://dx.doi.org/10.1007/s00401-015-1481-5 PMID: 26423537 

[24] Sander, J.W.; Perucca, E. Epilepsy and comorbidity: Infections and 
antimicrobials usage in relation to epilepsy management. Acta Neu-
rol. Scand., 2003, 108, 16-22. 
http://dx.doi.org/10.1034/j.1600-0404.108.s180.3.x PMID: 
14510816 

[25] Melvin, J.J.; Huntley Hardison, H. Immunomodulatory treatments 
in epilepsy. Semin. Pediatr. Neurol., 2014, 21(3), 232-237. 
http://dx.doi.org/10.1016/j.spen.2014.08.001 PMID: 25510946 

[26] Abbott, N.J.; Patabendige, A.A.K.; Dolman, D.E.M.; Yusof, S.R.; 
Begley, D.J. Structure and function of the blood–brain barrier. 
Neurobiol. Dis., 2010, 37(1), 13-25. 
http://dx.doi.org/10.1016/j.nbd.2009.07.030 PMID: 19664713 

[27] Chen, K.T.; Wei, K.C.; Liu, H.L. Focused ultrasound combined 
with microbubbles in central nervous system applications. Pharma-
ceutics, 2021, 13(7), 1084. 
http://dx.doi.org/10.3390/pharmaceutics13071084 PMID: 
34371774 

[28] Nakagawa, S.; Deli, M.A.; Nakao, S.; Honda, M.; Hayashi, K.; 
Nakaoke, R.; Kataoka, Y.; Niwa, M. Pericytes from brain mi-
crovessels strengthen the barrier integrity in primary cultures of rat 
brain endothelial cells. Cell. Mol. Neurobiol., 2007, 27(6), 687-694. 
http://dx.doi.org/10.1007/s10571-007-9195-4 PMID: 17823866 

[29] Terrone, G.; Balosso, S.; Pauletti, A.; Ravizza, T.; Vezzani, A. 
Inflammation and reactive oxygen species as disease modifiers in 
epilepsy. Neuropharmacology, 2020, 167, 107742. 
http://dx.doi.org/10.1016/j.neuropharm.2019.107742 PMID: 
31421074 

[30] Rana, A.; Musto, A.E. The role of inflammation in the develop-
ment of epilepsy. J. Neuroinflammation, 2018, 15(1), 144. 
http://dx.doi.org/10.1186/s12974-018-1192-7 PMID: 29764485 

[31] Shapiro, L.A.; Wang, L.; Ribak, C.E. Rapid astrocyte and micro-
glial activation following pilocarpine-induced seizures in rats. Epi-
lepsia, 2008, 49, 33-41. 
http://dx.doi.org/10.1111/j.1528-1167.2008.01491.x PMID: 
18226170 

[32] Briellmann, R.S.; Kalnins, R.M.; Berkovic, S.F.; Jackson, G.D. 
Hippocampal pathology in refractory temporal lobe epilepsy. Neu-
rology, 2002, 58(2), 265-271. 
http://dx.doi.org/10.1212/WNL.58.2.265 PMID: 11805255 

[33] Devinsky, O.; Vezzani, A.; Najjar, S.; De Lanerolle, N.C.; 
Rogawski, M.A. Glia and epilepsy: Excitability and inflammation. 
Trends Neurosci., 2013, 36(3), 174-184. 
http://dx.doi.org/10.1016/j.tins.2012.11.008 PMID: 23298414 

[34] Klapal, L.; Igelhorst, B.A.; Dietzel-Meyer, I.D. Changes in neu-
ronal excitability by activated microglia: Differential Na+ current 
upregulation in pyramid-shaped and bipolar neurons by TNF-α and 
IL-18. Front. Neurol., 2016, 7, 44. 

http://dx.doi.org/10.3389/fneur.2016.00044 PMID: 27065940 
[35] Liu, W.; Tang, Y.; Feng, J. Cross talk between activation of micro-

glia and astrocytes in pathological conditions in the central nervous 
system. Life Sci., 2011, 89(5-6), 141-146. 
http://dx.doi.org/10.1016/j.lfs.2011.05.011 PMID: 21684291 

[36] Choi, J.; Koh, S. Role of brain inflammation in epileptogenesis. 
Yonsei Med. J., 2008, 49(1), 1-18. 
http://dx.doi.org/10.3349/ymj.2008.49.1.1 PMID: 18306464 

[37] Iorio, R.; Lennon, V.A. Neural antigen-specific autoimmune disor-
ders. Immunol. Rev., 2012, 248(1), 104-121. 
http://dx.doi.org/10.1111/j.1600-065X.2012.01144.x PMID: 
22725957 

[38] Bien, C.G.; Schulze-Bonhage, A.; Deckert, M.; Urbach, H.; Helm-
staedter, C.; Grunwald, T.; Schaller, C.; Elger, C.E. Limbic en-
cephalitis not associated with neoplasm as a cause of temporal lobe 
epilepsy. Neurology, 2000, 55(12), 1823-1828. 
http://dx.doi.org/10.1212/WNL.55.12.1823 PMID: 11134380 

[39] Bien, C.G.; Scheffer, I.E. Autoantibodies and epilepsy. Epilepsia, 
2011, 52, 18-22. 
http://dx.doi.org/10.1111/j.1528-1167.2011.03031.x PMID: 
21542841 

[40] Correll, C.M. Antibodies in epilepsy. Curr. Neurol. Neurosci. Rep., 
2013, 13(5), 348. 
http://dx.doi.org/10.1007/s11910-013-0348-1 PMID: 23526548 

[41] Tumiene, B.; Ferreira, C.R.; van Karnebeek, C.D.M. Overview of 
metabolic epilepsies. Genes (Basel), 2022, 13(3), 508. 

[42] Dafoulas, G.E.; Toulis, K.A.; Mccorry, D.; Kumarendran, B.; 
Thomas, G.N.; Willis, B.H.; Gokhale, K.; Gkoutos, G.; Narendran, 
P.; Nirantharakumar, K. Type 1 diabetes mellitus and risk of inci-
dent epilepsy: A population-based, open-cohort study. Diabetolo-
gia, 2017, 60(2), 258-261. 
http://dx.doi.org/10.1007/s00125-016-4142-x PMID: 27796422 

[43] Liu, X.S.; Gao, Y.; Wu, L.B.; Wan, H.B.; Yan, P.; Jin, Y.; Guo, 
S.B.; Wang, Y.L.; Chen, X.Q.; Zhou, L.M.; Yang, J.W.; Kui, X.Y.; 
Liu, X.Y.; Pei, Z.J. Comprehensive analysis of GLUT1 immune in-
filtrates and cerna network in human esophageal carcinoma. Front. 
Oncol., 2021, 11, 665388. 
http://dx.doi.org/10.3389/fonc.2021.665388 PMID: 34123828 

[44] Steering Committee on Quality Improvement and Management, 
Subcommittee on Febrile Seizures American Academy of Pediat-
rics. Febrile seizures: Clinical practice guideline for the long-term 
management of the child with simple febrile seizures. Pediatrics, 
2008, 121(6), 1281-1286. 
http://dx.doi.org/10.1542/peds.2008-0939 PMID: 18519501 

[45] Dubé, C.; Vezzani, A.; Behrens, M.; Bartfai, T.; Baram, T.Z. Inter-
leukin-1β contributes to the generation of experimental febrile sei-
zures. Ann. Neurol., 2005, 57(1), 152-155. 
http://dx.doi.org/10.1002/ana.20358 PMID: 15622539 

[46] Virta, M.; Hurme, M.; Helminen, M. Increased plasma levels of 
pro- and anti-inflammatory cytokines in patients with febrile sei-
zures. Epilepsia, 2002, 43(8), 920-923. 
http://dx.doi.org/10.1046/j.1528-1157.2002.02002.x PMID: 
12181012 

[47] Haspolat, S.; Mihçi, E.; Coşkun, M.; Gümüslü, S.; Özbenm, T.; 
Yeğin, O. Interleukin-1beta, tumor necrosis factor-alpha, and nitrite 
levels in febrile seizures. J. Child Neurol., 2002, 17(10), 749-751. 
http://dx.doi.org/10.1177/08830738020170101501 PMID: 
12546429 

[48] Vezzani, A.; Baram, T.Z. New roles for interleukin-1 Beta in the 
mechanisms of epilepsy. Epilepsy Curr., 2007, 7(2), 45-50. 
http://dx.doi.org/10.1111/j.1535-7511.2007.00165.x PMID: 
17505552 

[49] Auvin, S.; Mazarati, A.; Shin, D.; Sankar, R. Inflammation enhanc-
es epileptogenesis in the developing rat brain. Neurobiol. Dis., 
2010, 40(1), 303-310. 
http://dx.doi.org/10.1016/j.nbd.2010.06.004 PMID: 20600912 

[50] Galic, M.A.; Riazi, K.; Heida, J.G.; Mouihate, A.; Fournier, N.M.; 
Spencer, S.J.; Kalynchuk, L.E.; Teskey, G.C.; Pittman, Q.J. Postna-
tal inflammation increases seizure susceptibility in adult rats. J. 
Neurosci., 2008, 28(27), 6904-6913. 
http://dx.doi.org/10.1523/JNEUROSCI.1901-08.2008 PMID: 
18596165 

[51] Sheng, J.G.; Boop, F.A.; Mrak, R.E.; Griffin, W.S.T. Increased 
neuronal beta-amyloid precursor protein expression in human tem-



2064    Current Neuropharmacology, 2023, Vol. 21, No. 10 Sun et al. 

poral lobe epilepsy: Association with interleukin-1 alpha immuno-
reactivity. J. Neurochem., 1994, 63(5), 1872-1879. 
http://dx.doi.org/10.1046/j.1471-4159.1994.63051872.x PMID: 
7931344 

[52] Gahring, L.C.; White, H.S.; Skradski, S.L.; Carlson, N.G.; Rogers, 
S.W. Interleukin-1alpha in the brain is induced by audiogenic sei-
zure. Neurobiol. Dis., 1997, 3(4), 263-269. 
http://dx.doi.org/10.1006/nbdi.1996.0123 PMID: 9173924 

[53] Plata-Salamán, C.R.; Ilyin, S.E.; Turrin, N.P.; Gayle, D.; Flynn, 
M.C.; Romanovitch, A.E.; Kelly, M.E.; Bureau, Y.; Anisman, H.; 
McIntyre, D.C. Kindling modulates the IL-1β system, TNF-α, 
TGF-β1, and neuropeptide mRNAs in specific brain regions. Brain 
Res. Mol. Brain Res., 2000, 75(2), 248-258. 
http://dx.doi.org/10.1016/S0169-328X(99)00306-X PMID: 
10686345 

[54] Roch, C.; Leroy, C.; Nehlig, A.; Namer, I.J. Magnetic resonance 
imaging in the study of the lithium-pilocarpine model of temporal 
lobe epilepsy in adult rats. Epilepsia, 2002, 43(4), 325-335. 
http://dx.doi.org/10.1046/j.1528-1157.2002.11301.x PMID: 
11952761 

[55] Liou, H-H.; Wang, C-R.; Chen, C-J.; Chen, R-C.; Chuang, C-Y.; 
Chiang, I-P.; Tsai, M-C. Review : Elevated levels of anticardiolipin 
antibodies and epilepsy in lupus patients. Lupus, 1996, 5(4), 307-
312. 
http://dx.doi.org/10.1177/096120339600500412 PMID: 8869904 

[56] Lim, S.H.; Park, E.; You, B.; Jung, Y.; Park, A.R.; Park, S.G.; Lee, 
J.R. Neuronal synapse formation induced by microglia and inter-
leukin 10. PLoS One, 2013, 8(11), e81218. 
http://dx.doi.org/10.1371/journal.pone.0081218 PMID: 24278397 

[57] Nishimoto, N. Interleukin-6 in rheumatoid arthritis. Curr. Opin. 
Rheumatol., 2006, 18(3), 277-281. 
http://dx.doi.org/10.1097/01.bor.0000218949.19860.d1 PMID: 
16582692 

[58] Uludag, I.F.; Duksal, T.; Tiftikcioglu, B.I.; Zorlu, Y.; Ozkaya, F.; 
Kirkali, G. IL-1β, IL-6 and IL1Ra levels in temporal lobe epilepsy. 
Seizure, 2015, 26, 22-25. 
http://dx.doi.org/10.1016/j.seizure.2015.01.009 PMID: 25799897 

[59] Chang, K.H.; Hsu, Y.C.; Chang, M.Y.; Lin, C.L.; Wu, T.N.; 
Hwang, B.F.; Chen, C.Y.; Liu, H.C.; Kao, C.H. A large-scale study 
indicates increase in the risk of epilepsy in patients with different 
risk factors, including rheumatoid arthritis. Medicine (Baltimore), 
2015, 94(36), e1485. 
http://dx.doi.org/10.1097/MD.0000000000001485 PMID: 
26356713 

[60] Boehncke, W.H.; Schön, M.P. Psoriasis. Lancet, 2015, 386(9997), 
983-994. 
http://dx.doi.org/10.1016/S0140-6736(14)61909-7 PMID: 
26025581 

[61] Alesci, A.; Lauriano, E.R.; Fumia, A.; Irrera, N.; Mastrantonio, E.; 
Vaccaro, M.; Gangemi, S.; Santini, A.; Cicero, N.; Pergolizzi, S. 
Relationship between immune cells, depression, stress, and psoria-
sis: Could the use of natural products be helpful? Molecules, 2022, 
27(6), 1953. 
http://dx.doi.org/10.3390/molecules27061953 PMID: 35335319 

[62] Huang, Y.; Chen, Z. Inflammatory bowel disease related innate 
immunity and adaptive immunity. Am. J. Transl. Res., 2016, 8(6), 
2490-2497. 
PMID: 27398134 

[63] Ong, M.S.; Kohane, I.S.; Cai, T.; Gorman, M.P.; Mandl, K.D. 
Population-level evidence for an autoimmune etiology of epilepsy. 
JAMA Neurol., 2014, 71(5), 569-574. 
http://dx.doi.org/10.1001/jamaneurol.2014.188 PMID: 24687183 

[64] Chou, I.C.; Wang, C.H.; Lin, W.D.; Tsai, F.J.; Lin, C.C.; Kao, C.H. 
Risk of epilepsy in type 1 diabetes mellitus: A population-based 
cohort study. Diabetologia, 2016, 59(6), 1196-1203. 
http://dx.doi.org/10.1007/s00125-016-3929-0 PMID: 27030312 

[65] Liimatainen, S.; Honnorat, J.; Pittock, S.J.; McKeon, A.; Manto, 
M.; Radtke, J.R.; Hampe, C.S. GAD65 autoantibody characteristics 
in patients with co-occurring type 1 diabetes and epilepsy may help 
identify underlying epilepsy etiologies. Orphanet J. Rare Dis., 
2018, 13(1), 55. 
http://dx.doi.org/10.1186/s13023-018-0787-5 PMID: 29636076 

[66] Ganelin-Cohen, E.; Modan-Moses, D.; Hemi, R.; Kanety, H.; Ben-
zeev, B.; Hampe, C.S. Epilepsy and behavioral changes, type 1 di-

abetes mellitus and a high titer of glutamic acid decarboxylase an-
tibodies. Pediatr. Diabetes, 2016, 17(8), 617-622. 
http://dx.doi.org/10.1111/pedi.12346 PMID: 26711844 

[67] Deckers, C.L.P.; Hekster, Y.A.; Keyser, A.; Meinardi, H.; Renier, 
W.O. Pharmacotherapy of epilepsy: State of the art and develop-
ments. J. Clin. Pharm. Ther., 1997, 22(5-6), 309-322. 
http://dx.doi.org/10.1111/j.1365-2710.1997.tb00012.x PMID: 
19160714 

[68] Carcak, N.; Ozkara, C. Seizures and antiepileptic drugs: From 
pathophysiology to clinical practice. Curr. Pharm. Des., 2018, 
23(42), 6376-6388. 
http://dx.doi.org/10.2174/1381612823666171115101557 PMID: 
29141532 

[69] Hill, D.S.; Wlodarczyk, B.J.; Palacios, A.M.; Finnell, R.H. Terato-
genic effects of antiepileptic drugs. Expert Rev. Neurother., 2010, 
10(6), 943-959. 
http://dx.doi.org/10.1586/ern.10.57 PMID: 20518610 

[70] Sander, J.W. The use of antiepileptic drugs--principles and prac-
tice. Epilepsia, 2004, 45(s6), 28-34. 
http://dx.doi.org/10.1111/j.0013-9580.2004.455005.x PMID: 
15315513 

[71] Bauer, S.; Willems, L.M.; Paule, E.; Petschow, C.; Zöllner, J.P.; 
Rosenow, F.; Strzelczyk, A. The efficacy of lacosamide as mono-
therapy and adjunctive therapy in focal epilepsy and its use in sta-
tus epilepticus: Clinical trial evidence and experience. Ther. Adv. 
Neurol. Disord., 2017, 10(2), 103-126. 
http://dx.doi.org/10.1177/1756285616675777 PMID: 28382109 

[72] Davies, A.; Hendrich, J.; Van Minh, A.T.; Wratten, J.; Douglas, L.; 
Dolphin, A.C. Functional biology of the α2δ subunits of voltage-
gated calcium channels. Trends Pharmacol. Sci., 2007, 28(5), 220-
228. 
http://dx.doi.org/10.1016/j.tips.2007.03.005 PMID: 17403543 

[73] Leppik, I.E. Zonisamide: Chemistry, mechanism of action, and 
pharmacokinetics. Seizure, 2004, 13, S5-S9. 
http://dx.doi.org/10.1016/j.seizure.2004.04.016 PMID: 15511691 

[74] Poolos, N.P. Hyperpolarization-Activated Cyclic Nucleotide-Gated 
(HCN) ion channelopathy in epilepsy In: Jasper's Basic Mecha-
nisms of the Epilepsies; Noebels, J.L., Ed.; National Center for Bio-
technology Information (US): Bethesda (MD), 2012.  

[75] Bouwman, B.M.; Suffczynski, P.; Lopes da Silva, F.H.; Maris, E.; 
Van Rijn, C.M. GABAergic mechanisms in absence epilepsy: A 
computational model of absence epilepsy simulating spike and 
wave discharges after vigabatrin in WAG/Rij rats. Eur. J. Neuro-
sci., 2007, 25(9), 2783-2790. 
http://dx.doi.org/10.1111/j.1460-9568.2007.05533.x PMID: 
17561843 

[76] Chebib, M.; Johnston, G.A.R. GABA-Activated ligand gated ion 
channels: Medicinal chemistry and molecular biology. J. Med. 
Chem., 2000, 43(8), 1427-1447. 
http://dx.doi.org/10.1021/jm9904349 PMID: 10780899 

[77] Bormann, J. The ‘ABC’ of GABA receptors. Trends Pharmacol. 
Sci., 2000, 21(1), 16-19. 
http://dx.doi.org/10.1016/S0165-6147(99)01413-3 PMID: 
10637650 

[78] Kew, J.N.C.; Kemp, J.A. Ionotropic and metabotropic glutamate 
receptor structure and pharmacology. Psychopharmacology (Berl.), 
2005, 179(1), 4-29. 
http://dx.doi.org/10.1007/s00213-005-2200-z PMID: 15731895 

[79] Calcaterra, N.E.; Barrow, J.C. Classics in chemical neuroscience: 
Diazepam (valium). ACS Chem. Neurosci., 2014, 5(4), 253-260. 
http://dx.doi.org/10.1021/cn5000056 PMID: 24552479 

[80] Lynch, B.A.; Lambeng, N.; Nocka, K.; Kensel-Hammes, P.; Ba-
jjalieh, S.M.; Matagne, A.; Fuks, B. The synaptic vesicle protein 
SV2A is the binding site for the antiepileptic drug levetiracetam. 
Proc. Natl. Acad. Sci. USA, 2004, 101(26), 9861-9866. 
http://dx.doi.org/10.1073/pnas.0308208101 PMID: 15210974 

[81] Moshé, S.L.; Perucca, E.; Ryvlin, P.; Tomson, T. Epilepsy: New 
advances. Lancet, 2015, 385(9971), 884-898. 
http://dx.doi.org/10.1016/S0140-6736(14)60456-6 PMID: 
25260236 

[82] Vajda, F.J.E.; Eadie, M.J. The clinical pharmacology of traditional 
antiepileptic drugs. Epileptic Disord., 2014, 16(4), 395-408. 
http://dx.doi.org/10.1684/epd.2014.0704 PMID: 25470190 



The JAK-STAT Signaling Pathway in Epilepsy Current Neuropharmacology, 2023, Vol. 21, No. 10     2065 

[83] Onat, F.; Ozkara, C. Adverse effects of new antiepileptic drugs. 
Med. Actual., 2004, 40(4), 325-342. 
http://dx.doi.org/10.1358/dot.2004.40.4.820079 PMID: 15190386 

[84] Tomson, T.; Battino, D.; Perucca, E. Valproic acid after five dec-
ades of use in epilepsy: Time to reconsider the indications of a 
time-honoured drug. Lancet Neurol., 2016, 15(2), 210-218. 
http://dx.doi.org/10.1016/S1474-4422(15)00314-2 PMID: 
26655849 

[85] Choi, H.; Morrell, M.J. Review of lamotrigine and its clinical ap-
plications in epilepsy. Expert Opin. Pharmacother., 2003, 4(2), 
243-251. 
http://dx.doi.org/10.1517/14656566.4.2.243 PMID: 12562315 

[86] Sachdeo, R.C. Topiramate. Clin. Pharmacokinet., 1998, 34(5), 335-
346. 
http://dx.doi.org/10.2165/00003088-199834050-00001 PMID: 
9592618 

[87] Trinka, E.; Höfler, J.; Leitinger, M.; Brigo, F. Pharmacotherapy for 
status epilepticus. Drugs, 2015, 75(13), 1499-1521. 
http://dx.doi.org/10.1007/s40265-015-0454-2 PMID: 26310189 

[88] Qin, H.; Buckley, J.A.; Li, X.; Liu, Y.; Fox, T.H., III; Meares, G.P.; 
Yu, H.; Yan, Z.; Harms, A.S.; Li, Y.; Standaert, D.G.; Benveniste, 
E.N. Inhibition of the JAK/STAT pathway protects against α-
synuclein-induced neuroinflammation and dopaminergic neuro-
degeneration. J. Neurosci., 2016, 36(18), 5144-5159. 
http://dx.doi.org/10.1523/JNEUROSCI.4658-15.2016 PMID: 
27147665 

[89] Buckingham, S.D.; Jones, A.K.; Brown, L.A.; Sattelle, D.B. Nico-
tinic acetylcholine receptor signalling: Roles in Alzheimer’s dis-
ease and amyloid neuroprotection. Pharmacol. Rev., 2009, 61(1), 
39-61. 
http://dx.doi.org/10.1124/pr.108.000562 PMID: 19293145 

[90] Chiba, T.; Yamada, M.; Sasabe, J.; Terashita, K.; Shimoda, M.; 
Matsuoka, M.; Aiso, S. Amyloid-β causes memory impairment by 
disturbing the JAK2/STAT3 axis in hippocampal neurons. Mol. 
Psychiatry, 2009, 14(2), 206-222. 
http://dx.doi.org/10.1038/mp.2008.105 PMID: 18813209 

[91] Emery, B.; Cate, H.S.; Marriott, M.; Merson, T.; Binder, M.D.; 
Snell, C.; Soo, P.Y.; Murray, S.; Croker, B.; Zhang, J.G.; Alexan-
der, W.S.; Cooper, H.; Butzkueven, H.; Kilpatrick, T.J. Suppressor 
of cytokine signaling 3 limits protection of leukemia inhibitory fac-
tor receptor signaling against central demyelination. Proc. Natl. 
Acad. Sci. USA, 2006, 103(20), 7859-7864. 
http://dx.doi.org/10.1073/pnas.0602574103 PMID: 16682639 

[92] Ben Haim, L.; Ceyzériat, K.; Carrillo-de Sauvage, M.A.; Aubry, F.; 
Auregan, G.; Guillermier, M.; Ruiz, M.; Petit, F.; Houitte, D.; 
Faivre, E.; Vandesquille, M.; Aron-Badin, R.; Dhenain, M.; Dé-
glon, N.; Hantraye, P.; Brouillet, E.; Bonvento, G.; Escartin, C. The 
JAK/STAT3 pathway is a common inducer of astrocyte reactivity 
in Alzheimer’s and Huntington’s diseases. J. Neurosci., 2015, 
35(6), 2817-2829. 
http://dx.doi.org/10.1523/JNEUROSCI.3516-14.2015 PMID: 
25673868 

[93] Aittomäki, S.; Pesu, M. Therapeutic targeting of the Jak/STAT 
pathway. Basic Clin. Pharmacol. Toxicol., 2014, 114(1), 18-23. 
http://dx.doi.org/10.1111/bcpt.12164 PMID: 24164900 

[94] Gündüz, Ö. JAK/STAT pathway modulation: Does it work in der-
matology? Dermatol. Ther., 2019, 32(3), e12903. 
http://dx.doi.org/10.1111/dth.12903 PMID: 30964573 

[95] Wilks, A.F.; Harpur, A.G.; Kurban, R.R.; Ralph, S.J.; Zürcher, G.; 
Ziemiecki, A. Two novel protein-tyrosine kinases, each with a se-
cond phosphotransferase-related catalytic domain, define a new 
class of protein kinase. Mol. Cell. Biol., 1991, 11(4), 2057-2065. 
PMID: 1848670 

[96] Firmbach-Kraft, I.; Byers, M.; Shows, T.; Dalla-Favera, R.; 
Krolewski, J.J. tyk2, prototype of a novel class of non-receptor ty-
rosine kinase genes. Oncogene, 1990, 5(9), 1329-1336. 
PMID: 2216457 

[97] Harpur, A.G.; Andres, A.C.; Ziemiecki, A.; Aston, R.R.; Wilks, 
A.F. JAK2, a third member of the JAK family of protein tyrosine 
kinases. Oncogene, 1992, 7(7), 1347-1353. 
PMID: 1620548 

[98] Gurniak, C.B.; Berg, L.J. Murine JAK3 is preferentially expressed 
in hematopoietic tissues and lymphocyte precursor cells. Blood, 
1996, 87(8), 3151-3160. 

http://dx.doi.org/10.1182/blood.V87.8.3151.bloodjournal8783151 
PMID: 8605329 

[99] Rane, S.G.; Reddy, E.P. JAK3: A novel JAK kinase associated 
with terminal differentiation of hematopoietic cells. Oncogene, 
1994, 9(8), 2415-2423. 
PMID: 7518579 

[100] Verbsky, J.W.; Bach, E.A.; Fang, Y.F.; Yang, L.; Randolph, D.A.; 
Fields, L.E. Expression of Janus kinase 3 in human endothelial and 
other non-lymphoid and non-myeloid cells. J. Biol. Chem., 1996, 
271(24), 13976-13980. 
http://dx.doi.org/10.1074/jbc.271.24.13976 PMID: 8662778 

[101] Chishti, A.H.; Kim, A.C.; Marfatia, S.M.; Lutchman, M.; Hanspal, 
M.; Jindal, H.; Liu, S.C.; Low, P.S.; Rouleau, G.A.; Mohandas, N.; 
Chasis, J.A.; Conboy, J.G.; Gascard, P.; Takakuwa, Y.; Huang, 
S.C.; Benz, E.J., Jr; Bretscher, A.; Fehon, R.G.; Gusella, J.F.; 
Ramesh, V.; Solomon, F.; Marchesi, V.T.; Tsukita, S.; Tsukita, S.; 
Arpin, M.; Louvard, D.; Tonks, N.K.; Anderson, J.M.; Fanning, 
A.S.; Bryant, P.J.; Woods, D.F.; Hoover, K.B. The FERM domain: 
A unique module involved in the linkage of cytoplasmic proteins to 
the membrane. Trends Biochem. Sci., 1998, 23(8), 281-282. 
http://dx.doi.org/10.1016/S0968-0004(98)01237-7 PMID: 9757824 

[102] Ihle, J.N. The Stat family in cytokine signaling. Curr. Opin. Cell 
Biol., 2001, 13(2), 211-217. 
http://dx.doi.org/10.1016/S0955-0674(00)00199-X PMID: 
11248555 

[103] Kisseleva, T.; Bhattacharya, S.; Braunstein, J.; Schindler, C.W. 
Signaling through the JAK/STAT pathway, recent advances and fu-
ture challenges. Gene, 2002, 285(1-2), 1-24. 
http://dx.doi.org/10.1016/S0378-1119(02)00398-0 PMID: 
12039028 

[104] Dustin, C.M.; Heppner, D.E.; Lin, M.C.J.; van der Vliet, A. Redox 
regulation of tyrosine kinase signalling: More than meets the eye. J. 
Biochem., 2020, 167(2), 151-163. 
http://dx.doi.org/10.1093/jb/mvz085 PMID: 31599960 

[105] Leonard, W.J.; O’Shea, J.J. JAKS AND STATS: Biological Impli-
cations. Annu. Rev. Immunol., 1998, 16(1), 293-322. 
http://dx.doi.org/10.1146/annurev.immunol.16.1.293 PMID: 
9597132 

[106] Kumar, A.; Toscani, A.; Rane, S.; Reddy, E.P. Structural organiza-
tion and chromosomal mapping of JAK3 locus. Oncogene, 1996, 
13(9), 2009-2014. 
PMID: 8934548 

[107] Heim, M.H. The Jak-STAT pathway: Cytokine signalling from the 
receptor to the nucleus. J. Recept. Signal Transduct. Res., 1999, 
19(1-4), 75-120. 
http://dx.doi.org/10.3109/10799899909036638 PMID: 10071751 

[108] Benveniste, E.N.; Liu, Y.; McFarland, B.C.; Qin, H. Involvement 
of the janus kinase/signal transducer and activator of transcription 
signaling pathway in multiple sclerosis and the animal model of 
experimental autoimmune encephalomyelitis. J. Interferon Cyto-
kine Res., 2014, 34(8), 577-588. 
http://dx.doi.org/10.1089/jir.2014.0012 PMID: 25084174 

[109] Hu, X.; li, J.; Fu, M.; Zhao, X.; Wang, W. The JAK/STAT signal-
ing pathway: From bench to clinic. Signal Transduct. Target. Ther., 
2021, 6(1), 402. 
http://dx.doi.org/10.1038/s41392-021-00791-1 PMID: 34824210 

[110] Sopjani, M.; Morina, R.; Uka, V.; Xuan, N.T.; Dërmaku-Sopjani, 
M. JAK2-mediated intracellular signaling. Curr. Mol. Med., 2021, 
21(5), 417-425. 
http://dx.doi.org/10.2174/1566524020666201015144702 PMID: 
33059575 

[111] Schindler, C.; Strehlow, I. Cytokines and STAT signaling. Adv. 
Pharmacol., 1999, 47, 113-174. 
http://dx.doi.org/10.1016/S1054-3589(08)60111-8 PMID: 
10582086 

[112] Qiu, Q.; Feng, Q.; Tan, X.; Guo, M. JAK3-selective inhibitor pefi-
citinib for the treatment of rheumatoid arthritis. Expert Rev. Clin. 
Pharmacol., 2019, 12(6), 547-554. 
http://dx.doi.org/10.1080/17512433.2019.1615443 PMID: 
31059310 

[113] Russell, S.M.; Johnston, J.A.; Noguchi, M.; Kawamura, M.; Bacon, 
C.M.; Friedmann, M.; Berg, M.; McVicar, D.W.; Witthuhn, B.A.; 
Silvennoinen, O.; Goldman, A.S.; Schmalstieg, F.C.; Ihle, J.N.; 
O’Shea, J.J.; Leonard, W.J. Interaction of IL-2R beta and gamma c 



2066    Current Neuropharmacology, 2023, Vol. 21, No. 10 Sun et al. 

chains with Jak1 and Jak3: Implications for XSCID and XCID. 
Science, 1994, 266(5187), 1042-1045. 
http://dx.doi.org/10.1126/science.7973658 PMID: 7973658 

[114] Yang, E.; Wen, Z.; Haspel, R.L.; Zhang, J.J.; Darnell, J.E., Jr The 
linker domain of Stat1 is required for gamma interferon-driven 
transcription. Mol. Cell. Biol., 1999, 19(7), 5106-5112. 
http://dx.doi.org/10.1128/MCB.19.7.5106 PMID: 10373559 

[115] Zhang, T.; Kee, W.H.; Seow, K.T.; Fung, W.; Cao, X. The coiled-
coil domain of Stat3 is essential for its SH2 domain-mediated re-
ceptor binding and subsequent activation induced by epidermal 
growth factor and interleukin-6. Mol. Cell. Biol., 2000, 20(19), 
7132-7139. 
http://dx.doi.org/10.1128/MCB.20.19.7132-7139.2000 PMID: 
10982829 

[116] Chen, X.; Vinkemeier, U.; Zhao, Y.; Jeruzalmi, D.; Darnell, J.E., 
Jr; Kuriyan, J. Crystal structure of a tyrosine phosphorylated 
STAT-1 dimer bound to DNA. Cell, 1998, 93(5), 827-839. 
http://dx.doi.org/10.1016/S0092-8674(00)81443-9 PMID: 9630226 

[117] Gao, Q.; Liang, X.; Shaikh, A.S.; Zang, J.; Xu, W.; Zhang, Y. 
JAK/STAT signal transduction: Promising attractive targets for 
immune, inflammatory and hematopoietic diseases. Curr. Drug 
Targets, 2018, 19(5), 487-500. 
http://dx.doi.org/10.2174/1389450117666161207163054 PMID: 
27928945 

[118] Maritano, D.; Sugrue, M.L.; Tininini, S.; Dewilde, S.; Strobl, B.; 
Fu, X.; Murray-Tait, V.; Chiarle, R.; Poli, V. The STAT3 isoforms 
α and β have unique and specific functions. Nat. Immunol., 2004, 
5(4), 401-409. 
http://dx.doi.org/10.1038/ni1052 PMID: 15021879 

[119] Zhong, Z.; Wen, Z.; Darnell, J.E., Jr Stat3: A STAT family mem-
ber activated by tyrosine phosphorylation in response to epidermal 
growth factor and interleukin-6. Science, 1994, 264(5155), 95-98. 
http://dx.doi.org/10.1126/science.8140422 PMID: 8140422 

[120] Darnell, J.E., Jr; Kerr, M.; Stark, G.R. Jak-STAT pathways and 
transcriptional activation in response to IFNs and other extracellu-
lar signaling proteins. Science, 1994, 264(5164), 1415-1421. 
http://dx.doi.org/10.1126/science.8197455 PMID: 8197455 

[121] Yang, C.; Mai, H.; Peng, J.; Zhou, B.; Hou, J.; Jiang, D. STAT4: 
An immunoregulator contributing to diverse human diseases. Int. J. 
Biol. Sci., 2020, 16(9), 1575-1585. 
http://dx.doi.org/10.7150/ijbs.41852 PMID: 32226303 

[122] Miyagi, T.; Gil, M.P.; Wang, X.; Louten, J.; Chu, W.M.; Biron, 
C.A. High basal STAT4 balanced by STAT1 induction to control 
type 1 interferon effects in natural killer cells. J. Exp. Med., 2007, 
204(10), 2383-2396. 
http://dx.doi.org/10.1084/jem.20070401 PMID: 17846149 

[123] Thieu, V.T.; Yu, Q.; Chang, H.C.; Yeh, N.; Nguyen, E.T.; Sehra, 
S.; Kaplan, M.H. Signal transducer and activator of transcription 4 
is required for the transcription factor T-bet to promote T helper 1 
cell-fate determination. Immunity, 2008, 29(5), 679-690. 
http://dx.doi.org/10.1016/j.immuni.2008.08.017 PMID: 18993086 

[124] Soldaini, E.; John, S.; Moro, S.; Bollenbacher, J.; Schindler, U.; 
Leonard, W.J. DNA binding site selection of dimeric and tetramer-
ic Stat5 proteins reveals a large repertoire of divergent tetrameric 
Stat5a binding sites. Mol. Cell. Biol., 2000, 20(1), 389-401. 
http://dx.doi.org/10.1128/MCB.20.1.389-401.2000 PMID: 
10594041 

[125] Wang, W.; Wang, L.; Zha, B. The roles of STAT6 in regulating B 
cell fate, activation, and function. Immunol. Lett., 2021, 233, 87-91. 
http://dx.doi.org/10.1016/j.imlet.2021.02.006 PMID: 33662403 

[126] Patel, B.K.R.; Pierce, J.H.; LaRochelle, W.J. Regulation of inter-
leukin 4-mediated signaling by naturally occurring dominant nega-
tive and attenuated forms of human Stat6. Proc. Natl. Acad. Sci. 
USA, 1998, 95(1), 172-177. 
http://dx.doi.org/10.1073/pnas.95.1.172 PMID: 9419348 

[127] Li, W.X. Canonical and non-canonical JAK–STAT signaling. 
Trends Cell Biol., 2008, 18(11), 545-551. 
http://dx.doi.org/10.1016/j.tcb.2008.08.008 PMID: 18848449 

[128] Shi, S.; Larson, K.; Guo, D.; Lim, S.J.; Dutta, P.; Yan, S.J.; Li, 
W.X. Drosophila STAT is required for directly maintaining HP1 
localization and heterochromatin stability. Nat. Cell Biol., 2008, 
10(4), 489-496. 
http://dx.doi.org/10.1038/ncb1713 PMID: 18344984 

[129] Yang, J.; Liao, X.; Agarwal, M.K.; Barnes, L.; Auron, P.E.; Stark, 
G.R. Unphosphorylated STAT3 accumulates in response to IL-6 
and activates transcription by binding to NFκB. Genes Dev., 2007, 
21(11), 1396-1408. 
http://dx.doi.org/10.1101/gad.1553707 PMID: 17510282 

[130] Yang, J.; Stark, G.R. Roles of unphosphorylated STATs in signal-
ing. Cell Res., 2008, 18(4), 443-451. 
http://dx.doi.org/10.1038/cr.2008.41 PMID: 18364677 

[131] Hilton, D.J.; Richardson, R.T.; Alexander, W.S.; Viney, E.M.; 
Willson, T.A.; Sprigg, N.S.; Starr, R.; Nicholson, S.E.; Metcalf, D.; 
Nicola, N.A. Twenty proteins containing a C-terminal SOCS box 
form five structural classes. Proc. Natl. Acad. Sci. USA, 1998, 
95(1), 114-119. 
http://dx.doi.org/10.1073/pnas.95.1.114 PMID: 9419338 

[132] Yoshimura, A.; Ohkubo, T.; Kiguchi, T.; Jenkins, N.A.; Gilbert, 
D.J.; Copeland, N.G.; Hara, T.; Miyajima, A. A novel cytokine-
inducible gene CIS encodes an SH2-containing protein that binds 
to tyrosine-phosphorylated interleukin 3 and erythropoietin recep-
tors. EMBO J., 1995, 14(12), 2816-2826. 
http://dx.doi.org/10.1002/j.1460-2075.1995.tb07281.x PMID: 
7796808 

[133] Okumura, F.; Joo-Okumura, A.; Nakatsukasa, K.; Kamura, T. The 
role of cullin 5-containing ubiquitin ligases. Cell Div., 2016, 11(1), 
1. 
http://dx.doi.org/10.1186/s13008-016-0016-3 PMID: 27030794 

[134] Valdez, B.C.; Henning, D.; Perlaky, L.; Busch, R.K.; Busch, H. 
Cloning and characterization of Gu/RH-II binding protein. Bio-
chem. Biophys. Res. Commun., 1997, 234(2), 335-340. 
http://dx.doi.org/10.1006/bbrc.1997.6642 PMID: 9177271 

[135] Chung, C.D.; Liao, J.; Liu, B.; Rao, X.; Jay, P.; Berta, P.; Shuai, K. 
Specific inhibition of Stat3 signal transduction by PIAS3. Science, 
1997, 278(5344), 1803-1805. 
http://dx.doi.org/10.1126/science.278.5344.1803 PMID: 9388184 

[136] Liu, B.; Liao, J.; Rao, X.; Kushner, S.A.; Chung, C.D.; Chang, 
D.D.; Shuai, K. Inhibition of Stat1-mediated gene activation by 
PIAS1. Proc. Natl. Acad. Sci. USA, 1998, 95(18), 10626-10631. 
http://dx.doi.org/10.1073/pnas.95.18.10626 PMID: 9724754 

[137] Arora, T.; Liu, B.; He, H.; Kim, J.; Murphy, T.L.; Murphy, K.M.; 
Modlin, R.L.; Shuai, K. PIASx is a transcriptional co-repressor of 
signal transducer and activator of transcription 4. J. Biol. Chem., 
2003, 278(24), 21327-21330. 
http://dx.doi.org/10.1074/jbc.C300119200 PMID: 12716907 

[138] Liu, B.; Gross, M.; ten Hoeve, J.; Shuai, K. A transcriptional core-
pressor of Stat1 with an essential LXXLL signature motif. Proc. 
Natl. Acad. Sci. USA, 2001, 98(6), 3203-3207. 
http://dx.doi.org/10.1073/pnas.051489598 PMID: 11248056 

[139] Alonso, A.; Pulido, R. The extended human PTPome: A growing 
tyrosine phosphatase family. FEBS J., 2016, 283(8), 1404-1429. 
http://dx.doi.org/10.1111/febs.13600 PMID: 26573778 

[140] ten Hoeve, J.; de Jesus Ibarra-Sanchez, M.; Fu, Y.; Zhu, W.; Trem-
blay, M.; David, M.; Shuai, K. Identification of a nuclear Stat1 pro-
tein tyrosine phosphatase. Mol. Cell. Biol., 2002, 22(16), 5662-
5668. 
http://dx.doi.org/10.1128/MCB.22.16.5662-5668.2002 PMID: 
12138178 

[141] Irie-Sasaki, J.; Sasaki, T.; Matsumoto, W.; Opavsky, A.; Cheng, 
M.; Welstead, G.; Griffiths, E.; Krawczyk, C.; Richardson, C.D.; 
Aitken, K.; Iscove, N.; Koretzky, G.; Johnson, P.; Liu, P.; Roth-
stein, D.M.; Penninger, J.M. CD45 is a JAK phosphatase and nega-
tively regulates cytokine receptor signalling. Nature, 2001, 
409(6818), 349-354. 
http://dx.doi.org/10.1038/35053086 PMID: 11201744 

[142] Tanaka, T.; Soriano, M.A.; Grusby, M.J. SLIM is a nuclear ubiqui-
tin E3 ligase that negatively regulates STAT signaling. Immunity, 
2005, 22(6), 729-736. 
http://dx.doi.org/10.1016/j.immuni.2005.04.008 PMID: 15963787 

[143] Huang, Y.; Lei, Y.; Zhang, H.; Hou, L.; Zhang, M.; Dayton, A.I. 
MicroRNA regulation of STAT4 protein expression: Rapid and 
sensitive modulation of IL-12 signaling in human natural killer 
cells. Blood, 2011, 118(26), 6793-6802. 
http://dx.doi.org/10.1182/blood-2011-05-356162 PMID: 22077060 

[144] Wang, J.; Li, G.; Wang, Z.; Zhang, X.; Yao, L.; Wang, F.; Liu, S.; 
Yin, J.; Ling, E.A.; Wang, L.; Hao, A. High glucose-induced ex-



The JAK-STAT Signaling Pathway in Epilepsy Current Neuropharmacology, 2023, Vol. 21, No. 10     2067 

pression of inflammatory cytokines and reactive oxygen species in 
cultured astrocytes. Neuroscience, 2012, 202, 58-68. 
http://dx.doi.org/10.1016/j.neuroscience.2011.11.062 PMID: 
22178606 

[145] Wang, T.; Yuan, W.; Liu, Y.; Zhang, Y.; Wang, Z.; Zhou, X.; 
Ning, G.; Zhang, L.; Yao, L.; Feng, S.; Kong, X. The role of the 
JAK-STAT pathway in neural stem cells, neural progenitor cells 
and reactive astrocytes after spinal cord injury. Biomed. Rep., 2015, 
3(2), 141-146. 
http://dx.doi.org/10.3892/br.2014.401 PMID: 25798237 

[146] Sarafian, T.A.; Montes, C.; Imura, T.; Qi, J.; Coppola, G.; 
Geschwind, D.H.; Sofroniew, M.V. Disruption of astrocyte STAT3 
signaling decreases mitochondrial function and increases oxidative 
stress in vitro. PLoS One, 2010, 5(3), e9532. 
http://dx.doi.org/10.1371/journal.pone.0009532 PMID: 20224768 

[147] You, L.; Wang, Z.; Li, H.; Shou, J.; Jing, Z.; Xie, J.; Sui, X.; Pan, 
H.; Han, W. The role of STAT3 in autophagy. Autophagy, 2015, 
11(5), 729-739. 
http://dx.doi.org/10.1080/15548627.2015.1017192 PMID: 
25951043 

[148] Li, W.; Liu, J.; Tan, W.; Zhou, Y. The role and mechanisms of 
microglia in neuromyelitis optica spectrum disorders. Int. J. Med. 
Sci., 2021, 18(14), 3059-3065. 
http://dx.doi.org/10.7150/ijms.61153 PMID: 34400876 

[149] Qin, C.; Liu, Q.; Hu, Z.W.; Zhou, L.Q.; Shang, K.; Bosco, D.B.; 
Wu, L.J.; Tian, D.S.; Wang, W. Microglial TLR4-dependent au-
tophagy induces ischemic white matter damage via STAT1/6 path-
way. Theranostics, 2018, 8(19), 5434-5451. 
http://dx.doi.org/10.7150/thno.27882 PMID: 30555556 

[150] Yan, Z.; Gibson, S.A.; Buckley, J.A.; Qin, H.; Benveniste, E.N. 
Role of the JAK/STAT signaling pathway in regulation of innate 
immunity in neuroinflammatory diseases. Clin. Immunol., 2018, 
189, 4-13. 
http://dx.doi.org/10.1016/j.clim.2016.09.014 PMID: 27713030 

[151] Okamoto, O.K.; Janjoppi, L.; Bonone, F.M.; Pansani, A.P.; da 
Silva, A.V.; Scorza, F.A.; Cavalheiro, E.A. Whole transcriptome 
analysis of the hippocampus: Toward a molecular portrait of epi-
leptogenesis. BMC Genomics, 2010, 11(1), 230. 
http://dx.doi.org/10.1186/1471-2164-11-230 PMID: 20377889 

[152] Ahmed, M.M.; Carrel, A.J.; Cruz Del Angel, Y.; Carlsen, J.; 
Thomas, A.X.; González, M.I.; Gardiner, K.J.; Brooks-Kayal, A. 
Altered protein profiles during epileptogenesis in the pilocarpine 
mouse model of temporal lobe epilepsy. Front. Neurol., 2021, 12, 
654606. 
http://dx.doi.org/10.3389/fneur.2021.654606 PMID: 34122302 

[153] Riazi, K.; Galic, M.A.; Kuzmiski, J.B.; Ho, W.; Sharkey, K.A.; 
Pittman, Q.J. Microglial activation and TNFα production mediate 
altered CNS excitability following peripheral inflammation. Proc. 
Natl. Acad. Sci. USA, 2008, 105(44), 17151-17156. 
http://dx.doi.org/10.1073/pnas.0806682105 PMID: 18955701 

[154] Vezzani, A.; Ravizza, T.; Balosso, S.; Aronica, E. Glia as a source 
of cytokines: Implications for neuronal excitability and survival. 
Epilepsia, 2008, 49, 24-32. 
http://dx.doi.org/10.1111/j.1528-1167.2008.01490.x PMID: 
18226169 

[155] Hu, S.; Sheng, W.S.; Ehrlich, L.C.; Peterson, P.K.; Chao, C.C. 
Cytokine effects on glutamate uptake by human astrocytes. Neuro-
immunomodulation, 2000, 7(3), 153-159. 
http://dx.doi.org/10.1159/000026433 PMID: 10754403 

[156] Bezzi, P.; Domercq, M.; Brambilla, L.; Galli, R.; Schols, D.; De 
Clercq, E.; Vescovi, A.; Bagetta, G.; Kollias, G.; Meldolesi, J.; 
Volterra, A. CXCR4-activated astrocyte glutamate release via 
TNFα: Amplification by microglia triggers neurotoxicity. Nat. 
Neurosci., 2001, 4(7), 702-710. 
http://dx.doi.org/10.1038/89490 PMID: 11426226 

[157] Vezzani, A.; Moneta, D.; Richichi, C.; Aliprandi, M.; Burrows, 
S.J.; Ravizza, T.; Perego, C.; De Simoni, M.G. Functional role of 
inflammatory cytokines and antiinflammatory molecules in sei-
zures and epileptogenesis. Epilepsia, 2002, 43, 30-35. 
http://dx.doi.org/10.1046/j.1528-1157.43.s.5.14.x PMID: 12121291 

[158] Wang, S.; Cheng, Q.; Malik, S.; Yang, J. Interleukin-1beta inhibits 
gamma-aminobutyric acid type A (GABA(A)) receptor current in 
cultured hippocampal neurons. J. Pharmacol. Exp. Ther., 2000, 
292(2), 497-504. 

PMID: 10640285 
[159] Alhadidi, Q.; Shah, Z.A. Cofilin mediates lps-induced microglial 

cell activation and associated neurotoxicity through activation of 
NF-κB and JAK–STAT pathway. Mol. Neurobiol., 2018, 55(2), 
1676-1691. 
http://dx.doi.org/10.1007/s12035-017-0432-7 PMID: 28194647 

[160] Ko, E.K.; Chorich, L.P.; Sullivan, M.E.; Cameron, R.S.; Layman, 
L.C. JAK/STAT signaling pathway gene expression is reduced fol-
lowing Nelf knockdown in GnRH neurons. Mol. Cell. Endocrinol., 
2018, 470, 151-159. 
http://dx.doi.org/10.1016/j.mce.2017.10.009 PMID: 29050862 

[161] Lund, I.V.; Hu, Y.; Raol, Y.H.; Benham, R.S.; Faris, R.; Russek, 
S.J.; Brooks-Kayal, A.R. BDNF selectively regulates GABAA re-
ceptor transcription by activation of the JAK/STAT pathway. Sci. 
Signal., 2008, 1(41), ra9. 
http://dx.doi.org/10.1126/scisignal.1162396 PMID: 18922788 

[162] Khazipov, R. GABAergic synchronization in epilepsy. Cold Spring 
Harb. Perspect. Med., 2016, 6(2), a022764. 
http://dx.doi.org/10.1101/cshperspect.a022764 PMID: 26747834 

[163] Baulac, M.; Boer, H.; Elger, C.; Glynn, M.; Kälviäinen, R.; Little, 
A.; Mifsud, J.; Perucca, E.; Pitkänen, A.; Ryvlin, P. Epilepsy pri-
orities in Europe: A report of the ILAE ‐ IBE Epilepsy Advocacy 
Europe Task Force. Epilepsia, 2015, 56(11), 1687-1695. 
http://dx.doi.org/10.1111/epi.13201 PMID: 26415919 

[164] Han, C.L.; Liu, Y.P.; Guo, C.J.; Du, T.T.; Jiang, Y.; Wang, K.L.; 
Shao, X.Q.; Meng, F.G.; Zhang, J.G. The lncRNA H19 binding to 
let‐7b promotes hippocampal glial cell activation and epileptic sei-
zures by targeting Stat3 in a rat model of temporal lobe epilepsy. 
Cell Prolif., 2020, 53(8), e12856. 
http://dx.doi.org/10.1111/cpr.12856 PMID: 32648622 

[165] Tian, D.S.; Peng, J.; Murugan, M.; Feng, L.J.; Liu, J.L.; Eyo, U.B.; 
Zhou, L.J.; Mogilevsky, R.; Wang, W.; Wu, L.J. Chemokine 
CCL2–CCR2 signaling induces neuronal cell death via STAT3 Ac-
tivation and IL-1β Production after Status Epilepticus. J. Neurosci., 
2017, 37(33), 7878-7892. 
http://dx.doi.org/10.1523/JNEUROSCI.0315-17.2017 PMID: 
28716963 

[166] Earnshaw, B.A.; Bressloff, P.C. Biophysical model of AMPA 
receptor trafficking and its regulation during long-term potentia-
tion/long-term depression. J. Neurosci., 2006, 26(47), 12362-
12373. 
http://dx.doi.org/10.1523/JNEUROSCI.3601-06.2006 PMID: 
17122061 

[167] Nicolas, C.S.; Peineau, S.; Amici, M.; Csaba, Z.; Fafouri, A.; Ja-
valet, C.; Collett, V.J.; Hildebrandt, L.; Seaton, G.; Choi, S.L.; Sim, 
S.E.; Bradley, C.; Lee, K.; Zhuo, M.; Kaang, B.K.; Gressens, P.; 
Dournaud, P.; Fitzjohn, S.M.; Bortolotto, Z.A.; Cho, K.; Collin-
gridge, G.L. The Jak/STAT pathway is involved in synaptic plastic-
ity. Neuron, 2012, 73(2), 374-390. 
http://dx.doi.org/10.1016/j.neuron.2011.11.024 PMID: 22284190 

[168] Postnikova, T.Y.; Diespirov, G.P.; Amakhin, D.V.; Vylekzhanina, 
E.N.; Soboleva, E.B.; Zaitsev, A.V. Impairments of long-term syn-
aptic plasticity in the hippocampus of young rats during the latent 
phase of the lithium-pilocarpine model of temporal lobe epilepsy. 
Int. J. Mol. Sci., 2021, 22(24), 13355. 
http://dx.doi.org/10.3390/ijms222413355 PMID: 34948152 

[169] Leite, J.P.; Neder, L.; Arisi, G.M.; Carlotti, C.G., Jr; Assirati, J.A.; 
Moreira, J.E. Plasticity, synaptic strength, and epilepsy: What can 
we learn from ultrastructural data? Epilepsia, 2005, 46(s5), 134-
141. 
http://dx.doi.org/10.1111/j.1528-1167.2005.01021.x PMID: 
15987268 

[170] Ohkawa, T.; Satake, S.; Yokoi, N.; Miyazaki, Y.; Ohshita, T.; 
Sobue, G.; Takashima, H.; Watanabe, O.; Fukata, Y.; Fukata, M. 
Identification and characterization of GABA(A) receptor autoanti-
bodies in autoimmune encephalitis. J. Neurosci., 2014, 34(24), 
8151-8163. 
http://dx.doi.org/10.1523/JNEUROSCI.4415-13.2014 PMID: 
24920620 

[171] Planagumà, J.; Leypoldt, F.; Mannara, F.; Gutiérrez-Cuesta, J.; 
Martín-García, E.; Aguilar, E.; Titulaer, M.J.; Petit-Pedrol, M.; 
Jain, A.; Balice-Gordon, R.; Lakadamyali, M.; Graus, F.; Maldona-
do, R.; Dalmau, J. Human N-methyl D-aspartate receptor antibod-



2068    Current Neuropharmacology, 2023, Vol. 21, No. 10 Sun et al. 

ies alter memory and behaviour in mice. Brain, 2015, 138(1), 94-
109. 
http://dx.doi.org/10.1093/brain/awu310 PMID: 25392198 

[172] Planagumà, J.; Haselmann, H.; Mannara, F.; Petit-Pedrol, M.; Grü-
newald, B.; Aguilar, E.; Röpke, L.; Martín-García, E.; Titulaer, 
M.J.; Jercog, P.; Graus, F.; Maldonado, R.; Geis, C.; Dalmau, J. 
Ephrin‐B2 prevents N‐methyl‐D‐aspartate receptor antibody effects 
on memory and neuroplasticity. Ann. Neurol., 2016, 80(3), 388-
400. 
http://dx.doi.org/10.1002/ana.24721 PMID: 27399303 

[173] Moscato, E.H.; Peng, X.; Jain, A.; Parsons, T.D.; Dalmau, J.; 
Balice-Gordon, R.J. Acute mechanisms underlying antibody effects 
in anti–N‐methyl‐D‐aspartate receptor encephalitis. Ann. Neurol., 
2014, 76(1), 108-119. 
http://dx.doi.org/10.1002/ana.24195 PMID: 24916964 

[174] Wright, S.; Hashemi, K.; Stasiak, L.; Bartram, J.; Lang, B.; Vin-
cent, A.; Upton, A.L. Epileptogenic effects of NMDAR antibodies 
in a passive transfer mouse model. Brain, 2015, 138(11), 3159-
3167. 
http://dx.doi.org/10.1093/brain/awv257 PMID: 26373601 

[175] Gleichman, A.J.; Panzer, J.A.; Baumann, B.H.; Dalmau, J.; Lynch, 
D.R. Antigenic and mechanistic characterization of anti‐ AMPA 
receptor encephalitis. Ann. Clin. Transl. Neurol., 2014, 1(3), 180-
189. 
http://dx.doi.org/10.1002/acn3.43 PMID: 24707504 

[176] Peng, X.; Hughes, E.G.; Moscato, E.H.; Parsons, T.D.; Dalmau, J.; 
Balice-Gordon, R.J. Cellular plasticity induced by anti–α‐amino‐3‐
hydroxy‐5‐methyl‐4‐isoxazolepropionic acid (AMPA) receptor en-
cephalitis antibodies. Ann. Neurol., 2015, 77(3), 381-398. 
http://dx.doi.org/10.1002/ana.24293 PMID: 25369168 

[177] Egbenya, D.L.; Hussain, S.; Lai, Y.C.; Xia, J.; Anderson, A.E.; 
Davanger, S. Changes in synaptic AMPA receptor concentration 
and composition in chronic temporal lobe epilepsy. Mol. Cell. Neu-
rosci., 2018, 92, 93-103. 
http://dx.doi.org/10.1016/j.mcn.2018.07.004 PMID: 30064010 

[178] Malkin, S.L.; Amakhin, D.V.; Veniaminova, E.A.; Kim, K.K.; 
Zubareva, O.E.; Magazanik, L.G.; Zaitsev, A.V. Changes of AM-
PA receptor properties in the neocortex and hippocampus following 
pilocarpine-induced status epilepticus in rats. Neuroscience, 2016, 
327, 146-155. 
http://dx.doi.org/10.1016/j.neuroscience.2016.04.024 PMID: 
27109923 

[179] Fukata, Y.; Lovero, K.L.; Iwanaga, T.; Watanabe, A.; Yokoi, N.; 
Tabuchi, K.; Shigemoto, R.; Nicoll, R.A.; Fukata, M. Disruption of 
LGI1–linked synaptic complex causes abnormal synaptic transmis-
sion and epilepsy. Proc. Natl. Acad. Sci. USA, 2010, 107(8), 3799-
3804. 
http://dx.doi.org/10.1073/pnas.0914537107 PMID: 20133599 

[180] Petit-Pedrol, M.; Sell, J.; Planagumà, J.; Mannara, F.; Radosevic, 
M.; Haselmann, H.; Ceanga, M.; Sabater, L.; Spatola, M.; Soto, D.; 
Gasull, X.; Dalmau, J.; Geis, C. LGI1 antibodies alter Kv1.1 and 
AMPA receptors changing synaptic excitability, plasticity and 
memory. Brain, 2018, 141(11), 3144-3159. 
http://dx.doi.org/10.1093/brain/awy253 PMID: 30346486 

[181] A., T.V. Selective JAKinibs: Prospects in inflammatory and auto-
immune diseases. BioDrugs, 2019, 33(1), 15-32. 

[182] Słuczanowska-Głąbowska, S.; Ziegler-Krawczyk, A.; Szumilas, K.; 
Pawlik, A. Role of janus kinase inhibitors in therapy of psoriasis. J. 
Clin. Med., 2021, 10(19), 4307. 
http://dx.doi.org/10.3390/jcm10194307 PMID: 34640327 

[183] Aggarwal, P.; Sonthalia, S. Oral tofacitinib: Contemporary apprais-
al of its role in dermatology. Indian Dermatol. Online J., 2019, 
10(5), 503-518. 
http://dx.doi.org/10.4103/idoj.IDOJ_474_18 PMID: 31544068 

[184] Kvist-Hansen, A.; Hansen, P.R.; Skov, L. Systemic treatment of 
psoriasis with JAK Inhibitors: A review. Dermatol. Ther. (Hei-
delb.), 2020, 10(1), 29-42. 
http://dx.doi.org/10.1007/s13555-019-00347-w PMID: 31893355 

[185] Xie, R.; Deng, C.; Wang, Q.; Kanik, K.S.; Nicholas, T.; Menon, S. 
Population pharmacokinetics of tofacitinib in patients with psoriat-
ic arthritis . Int. J. Clin. Pharmacol. Ther., 2019, 57(9), 464-473. 
http://dx.doi.org/10.5414/CP203516 PMID: 31319908 

[186] Hasni, S.A.; Gupta, S.; Davis, M.; Poncio, E.; Temesgen-Oyelakin, 
Y.; Carlucci, P.M.; Wang, X.; Naqi, M.; Playford, M.P.; Goel, 

R.R.; Li, X.; Biehl, A.J.; Ochoa-Navas, I.; Manna, Z.; Shi, Y.; 
Thomas, D.; Chen, J.; Biancotto, A.; Apps, R.; Cheung, F.; Kotlia-
rov, Y.; Babyak, A.L.; Zhou, H.; Shi, R.; Stagliano, K.; Tsai, W.L.; 
Vian, L.; Gazaniga, N.; Giudice, V.; Lu, S.; Brooks, S.R.; MacKay, 
M.; Gregersen, P.; Mehta, N.N.; Remaley, A.T.; Diamond, B.; 
O’Shea, J.J.; Gadina, M.; Kaplan, M.J. Phase 1 double-blind ran-
domized safety trial of the Janus kinase inhibitor tofacitinib in sys-
temic lupus erythematosus. Nat. Commun., 2021, 12(1), 3391. 
http://dx.doi.org/10.1038/s41467-021-23361-z PMID: 34099646 

[187] Patoulias, D.; Doumas, M.; Papadopoulos, C.; Karagiannis, A. 
Janus kinase inhibitors and major COVID-19 outcomes: Time to 
forget the two faces of Janus! A meta-analysis of randomized con-
trolled trials. Clin. Rheumatol., 2021, 40(11), 4671-4674. 
http://dx.doi.org/10.1007/s10067-021-05884-4 PMID: 34431004 

[188] Murugesan, H.; Cs, G.; Nasreen, H.S.; Santhanam, S.; M, G.; Ravi, 
S.; Es, S.S. An evaluation of efficacy and safety of tofacitinib, a jak 
inhibitor in the management of hospitalized patients with mild to 
moderate covid-19 - an open-label randomized controlled study. J. 
Assoc. Physicians India, 2022, 69(12), 11-12. 
PMID: 35057599 

[189] Mascarenhas, J.; Hoffman, R. Ruxolitinib: The first FDA approved 
therapy for the treatment of myelofibrosis. Clin. Cancer Res., 2012, 
18(11), 3008-3014. 
http://dx.doi.org/10.1158/1078-0432.CCR-11-3145 PMID: 
22474318 

[190] Gadina, M.; Chisolm, D.A.; Philips, R.L.; McInness, I.B.; 
Changelian, P.S.; O’Shea, J.J. Translating JAKs to Jakinibs. J. Im-
munol., 2020, 204(8), 2011-2020. 
http://dx.doi.org/10.4049/jimmunol.1901477 PMID: 32253269 

[191] Iwamoto, N.; Sato, S.; Kurushima, S.; Michitsuji, T.; Nishihata, S.; 
Okamoto, M.; Tsuji, Y.; Endo, Y.; Shimizu, T.; Sumiyoshi, R.; Su-
zuki, T.; Okada, A.; Koga, T.; Kawashiri, S.; Fujikawa, K.; Igawa, 
T.; Aramaki, T.; Ichinose, K.; Tamai, M.; Nakamura, H.; Mizoka-
mi, A.; Origuchi, T.; Ueki, Y.; Eguchi, K.; Kawakami, A. Real-
world comparative effectiveness and safety of tofacitinib and bari-
citinib in patients with rheumatoid arthritis. Arthritis Res. Ther., 
2021, 23(1), 197. 
http://dx.doi.org/10.1186/s13075-021-02582-z PMID: 34301311 

[192] King, B.; Ko, J.; Forman, S.; Ohyama, M.; Mesinkovska, N.; Yu, 
G.; McCollam, J.; Gamalo, M.; Janes, J.; Edson-Heredia, E.; 
Holzwarth, K.; Dutronc, Y. Efficacy and safety of the oral Janus 
kinase inhibitor baricitinib in the treatment of adults with alopecia 
areata: Phase 2 results from a randomized controlled study. J. Am. 
Acad. Dermatol., 2021, 85(4), 847-853. 
http://dx.doi.org/10.1016/j.jaad.2021.05.050 PMID: 34090959 

[193] Silverberg, J.I.; Boguniewicz, M.; Waibel, J.; Weisman, J.; Strowd, 
L.; Sun, L.; Ding, Y.; Feely, M.; Nunes, F.P.; Simpson, E.L. Clini-
cal tailoring of baricitinib 2 mg in atopic dermatitis: Baseline body 
surface area and rapid onset of action identifies response at week 
16. Dermatol. Ther. (Heidelb.), 2022, 12(1), 137-148. 
http://dx.doi.org/10.1007/s13555-021-00640-7 PMID: 34846636 

[194] Thoms, B.L.; Gosselin, J.; Libman, B.; Littenberg, B.; Budd, R.C. 
Efficacy of combination therapy with the JAK inhibitor baricitinib 
in the treatment of COVID-19. SN Compr. Clin. Med., 2022, 4(1), 
42. 
http://dx.doi.org/10.1007/s42399-022-01121-4 PMID: 35079694 

[195] Rocha, C.M.; Alves, A.M.; Bettanin, B.F.; Majolo, F.; Gehringer, 
M.; Laufer, S.; Goettert, M.I. Current jakinibs for the treatment of 
rheumatoid arthritis: A systematic review. Inflammopharmacology, 
2021, 29(3), 595-615. 
http://dx.doi.org/10.1007/s10787-021-00822-x PMID: 34046798 

[196] Ma, C.; Lee, J.K.; Mitra, A.R.; Teriaky, A.; Choudhary, D.; Ngu-
yen, T.M.; Vande Casteele, N.; Khanna, R.; Panaccione, R.; 
Feagan, B.G.; Jairath, V. Systematic review with meta-analysis: Ef-
ficacy and safety of oral Janus kinase inhibitors for inflammatory 
bowel disease. Aliment. Pharmacol. Ther., 2019, 50(1), 5-23. 
http://dx.doi.org/10.1111/apt.15297 PMID: 31119766 

[197] Denti, D.; Caldin, M.; Ventura, L.; De Lucia, M. Prolonged twice‐
daily administration of oclacitinib for the control of canine atopic 
dermatitis: A retrospective study of 53 client‐owned atopic dogs. 
Vet. Dermatol., 2022, 33(2), 149-e42. 
http://dx.doi.org/10.1111/vde.13053 PMID: 35014745 

[198] Rynhoud, H.; Gibson, J.S.; Meler, E.; Soares Magalhães, R.J. The 
association between the use of oclacitinib and antibacterial therapy 



The JAK-STAT Signaling Pathway in Epilepsy Current Neuropharmacology, 2023, Vol. 21, No. 10     2069 

in dogs with allergic dermatitis: A retrospective case-control study. 
Front. Vet. Sci., 2021, 8, 631443. 
http://dx.doi.org/10.3389/fvets.2021.631443 PMID: 33681331 

[199] Ferreira, S.; Guttman-Yassky, E.; Torres, T. Selective JAK1 inhibi-
tors for the treatment of atopic dermatitis: Focus on upadacitinib 
and abrocitinib. Am. J. Clin. Dermatol., 2020, 21(6), 783-798. 
http://dx.doi.org/10.1007/s40257-020-00548-6 PMID: 32776305 

[200] Sandborn, W.J.; Feagan, B.G.; Loftus, E.V., Jr; Peyrin-Biroulet, L.; 
Van Assche, G.; D’Haens, G.; Schreiber, S.; Colombel, J.F.; Lewis, 
J.D.; Ghosh, S.; Armuzzi, A.; Scherl, E.; Herfarth, H.; Vitale, L.; 
Mohamed, M.E.F.; Othman, A.A.; Zhou, Q.; Huang, B.; Thakkar, 
R.B.; Pangan, A.L.; Lacerda, A.P.; Panes, J. Efficacy and safety of 
upadacitinib in a randomized trial of patients with crohn’s disease. 
Gastroenterology, 2020, 158(8), 2123-2138.e8. 
http://dx.doi.org/10.1053/j.gastro.2020.01.047 PMID: 32044319 

[201] Mysler, E.; Lizarraga, A. Phase III trials of JAK1 selective inhibi-
tors in rheumatoid arthritis. Rheumatology (Oxford), 2021, 60, ii17-
ii23. 
http://dx.doi.org/10.1093/rheumatology/keaa823 PMID: 33950225 

[202] Harris, C.; Cummings, J.R.F. JAK1 inhibition and inflammatory 
bowel disease. Rheumatology (Oxford), 2021, 60, ii45-ii51. 
http://dx.doi.org/10.1093/rheumatology/keaa896 PMID: 33950226 

[203] Richez, C.; Truchetet, M.E. Evaluating filgotinib for the treatment 
of rheumatoid arthritis. Expert Opin. Pharmacother., 2021, 22(18), 
2435-2444. 
http://dx.doi.org/10.1080/14656566.2021.1967929 PMID: 
34402699 

[204] LiverTox: Clinical and research information on drug-induced liver 
injury. In: LiverTox: Clinical and Research Information on Drug-
Induced Liver Injury; National Institute of Diabetes and Digestive 
and Kidney Diseases: Bethesda, MD, 2012.  

[205] Angelini, J.; Talotta, R.; Roncato, R.; Fornasier, G.; Barbiero, G.; 
Dal Cin, L.; Brancati, S.; Scaglione, F. JAK-inhibitors for the 
treatment of rheumatoid arthritis: A focus on the present and an 
outlook on the future. Biomolecules, 2020, 10(7), 1002. 
http://dx.doi.org/10.3390/biom10071002 PMID: 32635659 

[206] Berdeja, J.; Palandri, F.; Baer, M.R.; Quick, D.; Kiladjian, J.J.; 
Martinelli, G.; Verma, A.; Hamid, O.; Walgren, R.; Pitou, C.; Li, 
P.L.; Gerds, A.T. Phase 2 study of gandotinib (LY2784544) in pa-
tients with myeloproliferative neoplasms. Leuk. Res., 2018, 71, 82-
88. 
http://dx.doi.org/10.1016/j.leukres.2018.06.014 PMID: 30025280 

[207] Zhu, H.; Jian, Z.; Zhong, Y.; Ye, Y.; Zhang, Y.; Hu, X.; Pu, B.; Gu, 
L.; Xiong, X. Janus kinase inhibition ameliorates ischemic stroke 
injury and neuroinflammation through reducing NLRP3 inflam-
masome activation via JAK2/STAT3 pathway inhibition. Front. 
Immunol., 2021, 12, 714943. 
http://dx.doi.org/10.3389/fimmu.2021.714943 PMID: 34367186 

[208] Bharti, A.C.; Donato, N.; Aggarwal, B.B. Curcumin (diferuloylme-
thane) inhibits constitutive and IL-6-inducible STAT3 phosphory-
lation in human multiple myeloma cells. J. Immunol., 2003, 171(7), 
3863-3871. 
http://dx.doi.org/10.4049/jimmunol.171.7.3863 PMID: 14500688 

[209] Matsuno, K.; Masuda, Y.; Uehara, Y.; Sato, H.; Muroya, A.; 
Takahashi, O.; Yokotagawa, T.; Furuya, T.; Okawara, T.; Otsuka, 
M.; Ogo, N.; Ashizawa, T.; Oshita, C.; Tai, S.; Ishii, H.; Akiyama, 

Y.; Asai, A. Identification of a New Series of STAT3 Inhibitors by 
Virtual Screening. ACS Med. Chem. Lett., 2010, 1(8), 371-375. 
http://dx.doi.org/10.1021/ml1000273 PMID: 24900220 

[210] Don-Doncow, N.; Escobar, Z.; Johansson, M.; Kjellström, S.; Gar-
cia, V.; Munoz, E.; Sterner, O.; Bjartell, A.; Hellsten, R. Galiella-
lactone is a direct inhibitor of the transcription factor STAT3 in 
prostate cancer cells. J. Biol. Chem., 2014, 289(23), 15969-15978. 
http://dx.doi.org/10.1074/jbc.M114.564252 PMID: 24755219 

[211] Sethi, G.; Chatterjee, S.; Rajendran, P.; Li, F.; Shanmugam, M.K.; 
Wong, K.F.; Kumar, A.P.; Senapati, P.; Behera, A.K.; Hui, K.M.; 
Basha, J.; Natesh, N.; Luk, J.M.; Kundu, T.K. Inhibition of STAT3 
dimerization and acetylation by garcinol suppresses the growth of 
human hepatocellular carcinoma in vitro and in vivo. Mol. Cancer, 
2014, 13(1), 66. 
http://dx.doi.org/10.1186/1476-4598-13-66 PMID: 24655440 

[212] Wei, N.; Li, J.; Fang, C.; Chang, J.; Xirou, V.; Syrigos, N.K.; 
Marks, B.J.; Chu, E.; Schmitz, J.C. Targeting colon cancer with the 
novel STAT3 inhibitor bruceantinol. Oncogene, 2019, 38(10), 
1676-1687. 
http://dx.doi.org/10.1038/s41388-018-0547-y PMID: 30348989 

[213] Xie, Q.; Yang, Z.; Huang, X.; Zhang, Z.; Li, J.; Ju, J.; Zhang, H.; 
Ma, J. Ilamycin C induces apoptosis and inhibits migration and in-
vasion in triple-negative breast cancer by suppressing IL-6/STAT3 
pathway. J. Hematol. Oncol., 2019, 12(1), 60. 
http://dx.doi.org/10.1186/s13045-019-0744-3 PMID: 31186039 

[214] Nelson, E.A.; Walker, S.R.; Weisberg, E.; Bar-Natan, M.; Barrett, 
R.; Gashin, L.B.; Terrell, S.; Klitgaard, J.L.; Santo, L.; Addorio, 
M.R.; Ebert, B.L.; Griffin, J.D.; Frank, D.A. The STAT5 inhibitor 
pimozide decreases survival of chronic myelogenous leukemia 
cells resistant to kinase inhibitors. Blood, 2011, 117(12), 3421-
3429. 
http://dx.doi.org/10.1182/blood-2009-11-255232 PMID: 21233313 

[215] Simpson, H.M.; Furusawa, A.; Sadashivaiah, K.; Civin, C.I.; 
Banerjee, A. STAT5 inhibition induces TRAIL/DR4 dependent 
apoptosis in peripheral T-cell lymphoma. Oncotarget, 2018, 9(24), 
16792-16806. 
http://dx.doi.org/10.18632/oncotarget.24698 PMID: 29682185 

[216] Halim, C.E.; Deng, S.; Ong, M.S.; Yap, C.T. Involvement of 
STAT5 in Oncogenesis. Biomedicines, 2020, 8(9), 316. 
http://dx.doi.org/10.3390/biomedicines8090316 PMID: 32872372 

[217] Wang, X.; Zeng, J.; Shi, M.; Zhao, S.; Bai, W.; Cao, W.; Tu, Z.; 
Huang, Z.; Feng, W. Targeted blockage of signal transducer and 
activator of transcription 5 signaling pathway with decoy oligode-
oxynucleotides suppresses leukemic K562 cell growth. DNA Cell 
Biol., 2011, 30(2), 71-78. 
http://dx.doi.org/10.1089/dna.2010.1112 PMID: 21091189 

[218] Banerjee, S.; Biehl, A.; Gadina, M.; Hasni, S.; Schwartz, D.M. 
JAK–STAT signaling as a target for inflammatory and autoimmune 
diseases: Current and future prospects. Drugs, 2017, 77(5), 521-
546. 
http://dx.doi.org/10.1007/s40265-017-0701-9 PMID: 28255960 

[219] Shim, S.H.; Sung, M.W.; Park, S.W.; Heo, D.S. Absence of STAT1 
disturbs the anticancer effect induced by STAT3 inhibition in head 
and neck carcinoma cell lines. Int. J. Mol. Med., 2009, 23(6), 805-
810. 
PMID: 19424608 

 
 

 

 


	The JAK-STAT Signaling Pathway in Epilepsy
	Abstract:
	Keywords:
	1. INTRODUCTION
	2. EPIDEMIOLOGY OF EPILEPSY
	3. IMMUNOLOGY IN THE ETIOLOGY OF EPILEPSY
	Fig. (1).
	4. CURRENT TREATMENTS FOR EPILEPSY
	Table 1.
	5. THE JAK-STAT SIGNALING PATHWAY
	Table 2.
	Fig. (2).
	Fig. (3).
	Fig. (4)
	6. THE JAK-STAT SIGNALING PATHWAY IN EPILEPSY
	7. POTENTIAL INHIBITORS OF THE JAK-STATPATHWAY AS A NOVEL TREATMENT STRATEGYFOR EPILEPSY TREATMENT
	CONCLUSION AND FUTURE PERSPECTIVE
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES



