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Abstract
Epileptic seizure-induced brain injuries include activation of neuroimmune response with activation of microglia, astrocytes 
cells releasing neurotoxic inflammatory mediators underlies the pathophysiology of epilepsy. A wide spectrum of neuro-
inflammatory pathways is involved in neurodegeneration along with elevated levels of inflammatory mediators indicating 
the neuroinflammation in the epileptic brain. Therefore, the neuroimmune response is commonly observed in the epileptic 
brain, indicating elevated cytokine levels, providing an understanding of the neuroinflammatory mechanism contributing 
to seizures recurrence. Clinical and experimental-based evidence suggested the elevated levels of cytokines responsible for 
neuronal excitation and blood–brain barrier (BBB) dysfunctioning causing the drug resistance in epilepsy. Therefore, the 
understanding of the pathogenesis of neuroinflammation in epilepsy, including migration of microglial cells releasing the 
inflammatory cytokines indicating the correlation of elevated levels of inflammatory mediators (interleukin-1beta (IL-1β), 
interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α) triggering the generation or recurrence of seizures. The current 
review summarized the knowledge regarding elevated inflammatory mediators as immunomodulatory response correlating 
multiple neuroinflammatory NF-kB, RIPK, MAPK, ERK, JNK, JAK-STAT signaling cascades in epileptogenesis. Further 
selective targeting of inflammatory mediators provides beneficial therapeutic strategies for epilepsy.
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Abbreviations
TNF α  Tumour necrosis factor alpha
ERK  Extracellular regulated kinase
JNK-c  Jun N-terminal kinase
AP-1  Activator protein-1
NF-κB  Nuclear factor kappa light chain enhancer of 

activated B cells
HMGB1  High mobility group box 1 protein
TRAF2  TNF Receptor Associated Factor 2
JAK-STAT   Janus kinases signal transducer and activator 

of transcription proteins
BBB  Blood–brain barrier
NMDA  N-Methyl-d-aspartic acid
BCL2  B-cell lymphoma 2
COX-2  Cyclooxygenase2
P-gp  P-glycoprotein
AEDs  Antiepileptic drugs

PGE2  Prostaglandin E2
GABA  Gamma-Aminobutyric acid
GPCR  G-protein-coupled receptors
OS  Oxidative stress
BDNF  Brain-derived neurotrophic factor
ROS  Reactive oxygen species
miRNA  MicroRNAs
IL-1  Interleukin-1
TBI  Traumatic brain injury

Introduction

Neuroinflammation is a crucial marker of epilepsy and epi-
leptogenesis, and it includes both non-neuronal and neuronal 
components (glial cells including microglia and astrocytes) 
[1, 2]. Prolonged epileptic seizures associated with brain 
injury are marked with inadequate neuronal impairment 
suggesting brain damage with loss of neurons focusing 
excitotoxicity [3, 4]. Seizures are the abnormal brain activi-
ties seen amongst various pathological conditions like trau-
matic brain injury; post-stroke patients are at high risk of 
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developing epileptic seizures with an increased incidence 
of neuroinflammation [5, 6]. Neuroinflammatory responses 
in certain conditions may contribute to neuronal hyperexcit-
ability underlying generation of secondary seizures mediated 
neuronal loss like neurologic comorbidities in epilepsy [7, 
8]. Additionally, a life-threatening status epileptics the pro-
longed excessive seizures resulting various mechanisms with 
increased evidence of pro-inflammatory mediators as bio-
markers highlighting the activation of the neuroimmune sys-
tem indicating brain damage focusing excitotoxicity [9–11] 
Alterations in multiple neuroinflammatory mechanisms are 
related to prolonged seizures induced oxidative stress or 
apoptosis-like events seen in epileptic patients diagnosed 
with morphological changes in brain-like neuronal sprouting 
and increasing gliosis as an indicator of brain tissue injury 
[3, 12]. The increased expression of cytokines acts as a bio-
marker in the epileptic brain represents neuroinflammation 
in the epileptic brain and activation of group II mGluRs like 
receptors (NMDA) on glial cells are responsible for carry-
ing the toxicity by releasing of cytotoxic substances TNF-α, 
IL-1β, and nitric oxide towards neurons [13, 14]. Therefore, 
indicating the relation of elevated cytokines and excitotox-
icity as an adaptive mechanism of neuroimmune processes 
in response to the prolonged rapid epileptic seizures. The 
persistent activation of neuroglial cells in response to the 
concurrent seizures further causes neuronal excitotoxic-
ity leading to neuronal death [3, 15]. Therefore, the vari-
ous neuroinflammatory cascades get initiated in response 
to the prolonged seizure-induced neuronal injury, and the 
increase of pro-inflammatory mediators levels represents 
oxidative stress in the brain [3]. This aberrant migration 
of astrocytes and microglial cells releases cytotoxic sub-
stances like cytokines (IL-1 beta, TNF-alpha, IL-6, etc.) 
like factors exacerbate the blood–brain barrier and initiates 
the generation of secondary seizures [16, 17]. Therefore, 
the dysregulation of glia immune-inflammatory activity is 
a common factor that predisposes or leads to the genera-
tion of seizures, and brain inflammation promotes neuronal 
hyperexcitability and seizures manifested by neuronal dam-
age. Seizures induced physiological changes in the epileptic 
brain are characterized by activation of various neuroinflam-
matory cascades like NF-kB, RIPK, MAPK, ERK, JNK, 
JAK-STAT signaling. The aberration and alteration of such 
molecular cascades have been adversely associated with 
neuroimmune responses producing cytotoxin substances 
like cytokines, chemokines as biomarkers for the pathogen-
esis of epileptogenesis [18]. Likewise, the involvement of 
Interleukin-1 beta seems to activate the PI3K/mTOR/Akt 
signaling pathways responsible for alteration in a hippocam-
pal brain region, causing cognitive dysfunction in temporal 
lobe epilepsy or status epilepticus [19]. PI3K/mTOR/Akt 
signaling further interacts with caspase-3, BCL2 associated 
X, BH3 proteins inducing aberrant apoptotic hippocampal 

neuronal death in epileptogenesis as observed in preclinical 
and clinical studies [20]. Other neuroinflammatory signaling 
cascades, including NF-kB, RIPK, MAPK, ERK, JNK, JAK-
STAT, etc., also seem to be activated under the prolonged 
seizure-induced oxidative stress and elevated levels of pro-
inflammatory mediators interleukin1-β (pro-IL-1β), inter-
leukin-6 (IL-6), tumor necrosis factor-α (TNFα) represent-
ing neuronal damage in epilepsy [18, 21]. Thus, providing 
the correlation of neuroinflammation with hyperactivation 
of purinergic receptors, metabotropic receptors, inflamma-
some that are highly expressed on non-neuronal cells. The 
increased expression of such receptors modulates intracel-
lular neuroinflammatory signaling cascades with impaired 
elevated levels of pro-inflammatory mediators that appear to 
be the decisive factor in the development and progression of 
hyperexcitation in epilepsy [18]. The current review sum-
marized the correlation of inflammatory mediators initiating 
various downstream cascade-mediated neuroinflammation 
mechanisms manifested by elevated levels of IL-1β, IL-6, 
and tumor necrosis factor- α (TNF-α). Therefore, the drugs 
targeting various inflammatory mediators act as a therapeu-
tic strategy in preventing the neuroinflammation mediated 
generation of seizures in epilepsy.

Cytokines mediated activation of various 
molecular pathways in epileptogenesis

Alteration of metabotropic receptors in epilepsy is linked 
with elevated levels of inflammatory mediators that seem 
to be enhanced in response to the seizure-induced excito-
toxicity activating the neuroimmune system involving the 
activation of glial cells. The activation of microglial and 
astrocyte cells releases neurotoxic material (IL-1 beta, TNF-
alpha, IL-6, HMGB1, etc.,) promoting the seizures mediated 
neuronal loss [22]. Metabotropic receptors are likely to be 
expressed in astrocytes and glial cells that get activated by 
the stimulus of elevated levels of inflammatory mediators 
responsible for producing excitotoxicity in the brain. Ele-
vated levels of TNF- alpha released by the activated micro-
glial cells during seizures stimulate the excitatory glutamate 
neurotransmitter release, thereby; increasing the hyperacti-
vation metabotropic receptor (NMDA) mediated increased 
intracellular calcium concentration directing neuronal hyper-
excitability [23]. Additionally, the release of inflammatory 
mediators (interleukin-1β (IL-1β) and high-mobility group 
protein-1 (HMGB1) from astrocytes and glial cell activation 
during rapid seizure-induced neuronal injury have an impact 
on the GABAergic inhibitory transmission by altering the 
production of GABA with a consequent increase of the 
NMDA transmission [23]. Whereas the cytokine HMGB1 is 
released by glial cells in response to the concurrent seizures 
induced neuronal oxidative stress further binding to TLR4 
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promoting the activity of postsynaptic NMDA receptor and 
increasing the calcium influx leading to potentiates NMDA-
induced excitotoxicity [24, 25]. Increased NMDA transmis-
sion and decreased GABAergic transmission focuses the 
excitotoxicity by enhancing the influx of calcium ions influx 
mediated neuronal oxidative stress by disrupting mitochon-
drial functioning [26]. Therefore, the increased ROS and 
elevated levels of inflammatory mediators initiate the exci-
totoxicity in epilepsy.

Furthermore, activation of transcriptional factor NF-kB 
in microglial cells is the feature of elevated levels of pro-
inflammatory mediators representing involvement of NF-kB 
in overproduction of neurotoxic substances exacerbating the 
development of seizures mediated neuronal cell death [27]. 
Elevated levels of inflammatory mediators are the biomark-
ers in the epileptic brain indicating the neuronal damage [28] 
with activation of NF-kB upregulating mediators (IL-1β, 
IL-6, TNF-α, and Transforming-Growth-Factor Beta (TGF-
β),) and reactive oxygen and nitrogen species (ROS)) (Fig. 1) 
[26, 29]. Studies evidence the alterations in NF-kB activity 
promoting neuronal death by upregulating pro-inflammatory 
mediators suggesting the degeneration of hippocampal neu-
rons recognized with cognitive dysfunction seen in temporal 
lobe epilepsy and status epilepticus [18]. Increased immu-
noreactive responses of invasive migration of glial cells to 
the emotive neuronal insult in epilepsy further represent 
the neuroinflammation marked with activated intracellular 
neuroinflammatory NF-kB signaling increasing expression 
of pro-inflammatory mediators [30]. Elevated levels of pro-
inflammatory mediators like high-mobility group box-1 
(HMGB1), interleukin (IL)-1, IL-6, tumor necrosis factor 
(TNF)-α, transforming growth factor (TGF-β), nitric oxide 
(NO) are the indicator of neuron injury carries the noxious 
stimuli of amplifying the inflammatory signaling. Likewise, 
the elevated levels of tumor necrosis factor (TNF)-α binds to 
TNFR1, initiating RIPK1 signaling, further initiating NF-kB 
and MAPK/ERK signaling mediated neuronal death under 
the chronic seizure-induced oxidative stress [18]. Thus, the 
highly inducible expression of NF-kB and MAPK/ERK is 
further responsible for facilitating the p38/ JNK cascades 
regulating activator protein 1 (AP-1) mediated apoptotic 
neuronal death seen under prolonged seizures induced exci-
totoxicity [18]. Similarly, the upregulation of IL-6 inflam-
matory mediator stimuli activates JAK-STAT signaling path-
way mediated neuronal death in epilepsy and activation of 
downstream cascades (MAPK, ERK, JNK, and p38) along 
with PI3K (phosphatidylinositol-3-kinase). Further amplifies 
the downstream intracellular signaling by protein kinase B 
mediated neuronal apoptosis along with neuroinflammation 
generating oxidative stress (ROS) under chronic epileptic 
seizures [18, 26]. Therefore, targeting inflammatory media-
tors can prevent the alteration of metabotropic receptor-
mediated excitotoxicity in the epileptic brain (Fig. 1).

Pharmacotherapy targeting inflammatory 
mediators linked neuroinflammatory 
signaling cascades involved in epilepsy 
(Table 1)

Anakinra

Anakinra, an interleukin -1 type 1 (IL-1R1), receptor 
antagonist seems effective as an anticonvulsant in reducing 
neuroinflammation in epilepsy. In the epileptic brain, the 
high expression of a pro-inflammatory mediator (IL-1 beta) 
might get implicated in response to the excessive continu-
ous seizures mediated neuronal injury and contributing to 
neuronal degeneration in epilepsy [31]. Therefore, targeting 
Il-1 beta tends to be a successful therapy for neuroprotec-
tion in epilepsy along with further suppressing activation 
of intracellular NF-kB, MAPK pathway representing the 
structural changes in neuroimmune cells (microglial cells), 
the excessive migration as well activation of glial cells fur-
ther contributes to epileptogenesis as a long-term effect of 
seizure-induced brain stress [32]. Along with the production 
and release of the inflammatory mediator, the elevated level 
of interleukin-1 beta is a rapid effect. Further, it activates 
PI3K linked to the hyperactivation of excitatory receptors 
(NMDA-R & AMPA-R), contributing to hyperexcitability 
resulting in neuronal death in epilepsy [32, 33]. Therefore, 
anti-inflammatory drugs like anakinra and VX-765, widely 
used in neuroinflammatory diseases, seem to be effective 
in epilepsy by inhibiting the IL-1R1 and suppressing the 
activation of such intracellular pathways, mediated neuro-
degeneration in epilepsy [34, 35]. In conclusion, anakinra 
(Kineret) and VX-765 protect excitotoxicity by overactiva-
tion of GluN2B-containing NMDA receptors and showed an 
antiepileptic effect [36].

COX inhibitors

Prostaglandin D2 (PGD2), PGE2, PGF2, and PGI2, as well 
as thromboxane A2 (TXA2), are synthesized by cyclooxy-
genase (COX) [37]. COX-2 is a significant pro-inflamma-
tory mediator that is generally undetectable in tissues but 
is strongly activated by fever, inflammation, infection, 
and other conditions such as high neuronal activity and 
growth factors. The selective COX-2 inhibitors etoricoxib, 
celecoxib, and nonselective COX-2 inhibitors nimesulide, 
indomethacin, parecoxib (valdecoxib), aspirin, NS398, 
SC58236, and SC58125 have been shown antiepileptic and 
neuroprotective effects [38, 39]. Cyclooxygenase (COX) 
inhibitors are Adjuvant therapy with AED. COX-2 regulates 
the expression of P-gp, a multidrug transporter known to be 
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overexpressed in drug-resistant antiepileptic drugs [40]. The 
upregulation of COX-2 results in higher amounts of PGE2, 
which binds to the EP-1 receptor and activates transcrip-
tion factor NF-kB increasing P-gp expression. Therefore, the 

increased expression of P-gp is a prominent cause of drug 
resistance in epilepsy. The increased levels of pro-inflamma-
tory mediator COX-2 have a role in increasing the expres-
sion of P-gp in initiating drug resistance in epilepsy [42]. 

Fig. 1  Correlation of neuroimmune system and various cascades showing the neurodegeneration and excitotoxicity related to the brain damage 
and blood–brain barrier. Inhibitors of cytokines as a preventive approach in epilepsy
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Therefore, the COX-2 inhibitors (celecoxib, NS398, and 
indomethacin heptyl ester) tend to possess therapeutic value 
in epilepsy by reducing drug resistance with the decrease in 
levels of P-gp, further suppressing the neuroinflammation by 
inhibiting the activation of NF-kB transcribing pro-inflam-
matory mediators in epilepsy [43, 44] (Table 2).

Minocycline

Minocycline is an anti-inflammatory drug that belongs to 
the second generation of tetracycline antibiotics. During the 
epilepsy attack, the inflammatory reaction also enhanced 
the chemokine, cytokine, and prostaglandins in the rodent's 
brain [45]. Therefore, anti-inflammatory drugs like mino-
cycline could be a good alternative for reducing epileptic 
attacks. The Minocycline has both anti-inflammatory effects 
and antimicrobial properties, and it can also penetrate the 
BBB then affect the brain cells activity [46]. In the central 
nervous system, minocycline lowers both microglia activa-
tion and the release of inflammatory cytokines IL-1β, TNF-
α, and IL-6, in the brain of mice. After the seizure, the IL-6 
increased at the level of mRNA and protein and cause neu-
roinflammation [47]. The excessive released neuroinflamma-
tion cytokine can cause seizures by having cytotoxic effects 
on neurons. The minocycline is effective in decreasing the 
mRNA level of IL-1β and TLR2 and also the inflamma-
tory gene such as MHCII (major histocompatibility complex 
class II), IL-6, IL-1β, and TLR2 had their mRNA expression 
reduced by minocycline [48]. That drug is effective and has 
shown a protective effect in neuroinflammation and reducing 
the seizure threshold by inhibiting the release of cytokine 
and inhibiting the effects on the surface of the cell [49].

SC‑51089, SC‑51322

SC-51089, SC-51322 is a selective prostaglandin-E2; EP1 
receptor antagonist decreases cell death, brain edema and 

improves neurobehavioral/neuroprotective function after 
surgically induced brain injury [50]. The EP1 receptor is 
found in a variety of organs and tissues in rodents and guinea 
pigs, including the kidney, lung, and stomach, as well as 
multiple CNS sites. EP1 expression is restricted to a few 
organs and tissues in higher species such as humans, includ-
ing the colon, mast cells, myometrium, pulmonary veins, 
and skin [52]. The EP1 receptor is linked to the G protein 
complex, which includes the Gq/11 and G/ dimer proteins 
then after PGE2 binding, Gaq is released from the com-
plex, activating phospholipase C (PLC), which hydrolyzes 
phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol 
triphosphate (IP3) and diacyl glycerol (DAG) [53]. IP3 
regulates  Ca2+ -sensitive signalling pathways by increasing 
cytosolic  Ca2+ levels by interacting to IP3 receptors in the 
endoplasmic reticulum (ER) that function as calcium chan-
nels; whereas DAG acts as a second messenger by activating 
certain isoforms of protein kinase C (PKC) [54]. The EP1 
receptor showed a neurotoxicity The EP1 receptor has long 
been implicated in neurotoxicity occurring from NMDA 
receptor overactivity and  Ca2+ dysregulation from NMDA 
receptor overactivity and  Ca2+ dysregulation after epileptic 
seizure. In Wistar rats, centrally administered EP1 receptor 
antagonist SC-19220 decreased acute seizures induced by 
pentylenetetrazol (PTZ) [52, 55].

SJN2511 or SB431542 and losartan

TGF-β signaling was also linked to quick changes in extra-
cellular potassium and glutamate, as well as a decreased acti-
vation threshold for neurons. SJN2511, an effective and spe-
cific TGF-β/ALK5 inhibitor, can prevent albumin-induced 
synaptogenesis and seizures. [38]. The ALK5 antagonists 
SJN2511 or SB431542 inhibit albumin-induced TGF-β, IL-6 
secretion, and SMAD2/3 phosphorylation. [56]. Losartan, 
an angiotensin-II receptor antagonist, has been shown to 
efficiently block albumin-induced TGF-activation in the 

Table 1  Drugs targeting inflammatory mediators (cytokines) correlating neuroinflammatory cascades in epilepsy (Fig. 1)

S. no Drugs Neuroinflammatory targets of epilepsy References

1 Anakinra Interleukin 1β receptor antagonist [31, 32, 34]
2 VX-765 Non-peptide inhibitor of IL-1β cleavage and release [35]
3 Aspirin, Etoricoxib, Nimesulide, Parecoxib (valdecoxib), 

Indomethacin, Celecoxib, NS398, SC58125, SC58236
COX-2-nonselective and selective inhibitors [38, 40]

4 Minocycline Microglia and T cells inhibitor [45, 46]
5 SC-51089, SC-51322 EP1 receptor antagonist [56, 57]
6 SJN2511, SB431542 Selective TGF-β/ALK5 inhibitor [64, 65]
7 Losartan Angiotensin-II receptor antagonist [63]
8 TG6-10-1, TG4-155 A selective antagonist of the ep2 receptor [68, 69]
9 Resveratrol (3,5,4'-trihydroxystilbene) NF-kB inhibitor [70, 72]
10 LPS-Rs, Pseudo-peptide BOX A TLR4 (Toll-like receptors-4) antagonist [81, 82]



1442 Molecular Biology Reports (2022) 49:1437–1452

1 3

Ta
bl

e 
2 

 P
re

cl
in

ic
al

 a
nd

 C
lin

ic
al

 P
ro

fil
in

g 
of

 d
ru

gs
 in

 e
pi

le
ps

y 
w

ith
 to

xi
co

lo
gi

ca
l d

at
a 

at
 d

iff
er

en
t d

os
es

S.
 n

o
D

ru
gs

A
nt

i-i
nfl

am
m

at
or

y 
m

ec
ha

ni
sm

 
an

d 
ta

rg
et

Pr
ec

lin
ic

al
 o

ut
co

m
e

C
lin

ic
al

 o
ut

co
m

e
Si

de
 e

ffe
ct

s a
nd

 c
om

pl
ic

at
io

ns
Re

fe
re

nc
es

1
A

na
ki

nr
a

A
na

ki
nr

a 
is

 a
 h

um
an

 re
co

m
-

bi
na

nt
 in

te
rle

uk
in

-1
 re

ce
pt

or
 

an
ta

go
ni

st 
th

at
 e

ffe
ct

iv
el

y 
tre

at
s f

eb
ril

e 
in

fe
ct

io
n-

re
la

te
d 

ep
ile

ps
y 

sy
nd

ro
m

e 
(F

IR
ES

) 
an

d 
au

to
in

fla
m

m
at

or
y 

an
d 

au
to

im
m

un
e 

di
se

as
es

D
ru

g-
re

si
st

an
t s

ei
zu

re
s a

nd
 

ch
ro

ni
c 

in
fla

m
m

at
or

y 
ep

ile
ps

y 
ar

e 
eff

ec
tiv

el
y 

de
cr

ea
se

d,
 a

nd
 

th
e 

ac
tiv

ity
 o

f b
ot

h 
IL

-1
 a

nd
 

IL
-1

 is
 fu

rth
er

 b
lo

ck
ed

Eff
ec

tiv
e 

in
 fe

br
ile

 in
fe

ct
io

n-
re

la
te

d 
ep

ile
ps

y 
sy

nd
ro

m
e 

(F
IR

ES
), 

de
cr

ea
se

d 
gr

an
d 

m
al

 
se

iz
ur

es
,

au
to

in
fla

m
m

at
or

y 
or

 a
ut

oi
m

-
m

un
e 

co
nd

iti
on

s

Its
 sa

fe
ty

 p
ro

fil
e 

w
as

 c
on

fir
m

ed
 

af
te

r l
on

g-
te

rm
 a

dm
in

ist
ra

-
tio

n 
at

 d
os

es
 ra

ng
in

g 
fro

m
 1

 
to

 1
0 

m
g/

kg
/d

ay
 (m

ax
im

um
 

20
0 

m
g/

da
y)

. O
ur

 p
at

ie
nt

 
ex

pe
rie

nc
ed

 a
dv

er
se

 e
ffe

ct
s, 

in
cl

ud
in

g 
in

fe
ct

io
ns

, t
ra

ns
am

i-
ni

tis
, a

nd
 n

eu
tro

pe
ni

a

[9
9,

 1
00

]

2
V

X
-7

65
Th

e 
V

X
‐7

65
 is

 a
 c

as
pa

se
‐1

 
in

hi
bi

to
r t

ar
ge

tin
g 

th
e 

IL
‐1

R
1/

TL
R

4 
si

gn
al

in
g 

pa
th

w
ay

 v
ia

 
IL
‐1

β 
an

d 
H

M
G

B
1 

bi
os

yn
th

e-
si

s, 
an

d 
re

le
as

e 
is

 re
du

ce
d

V
X

76
5 

ca
n 

co
un

te
ra

ct
 n

eu
-

ro
lo

gi
ca

l d
am

ag
e 

af
te

r T
B

I 
by

 re
du

ci
ng

 p
yr

op
to

si
s a

nd
 

H
M

G
B

1/
TL

R
4/

N
F-

κB
 p

at
h-

w
ay

 a
ct

iv
iti

es

In
 th

e 
C

N
S,

 tr
ea

tm
en

t w
ith

 
V

X
-7

65
 (5

0 
m

g/
kg

) d
ec

re
as

es
 

ch
ro

ni
c 

str
es

s-
in

du
ce

d 
de

pr
es

-
si

ve
 sy

m
pt

om
s i

n 
m

ic
e 

w
ith

 
re

du
ce

d 
se

ru
m

 a
nd

 h
ip

po
ca

m
-

pa
l I

L-
1β

 le
ve

ls
. V

X
-7

65
 

de
cr

ea
se

s s
ei

zu
re

-in
du

ce
d 

IL
-1

β 
pr

od
uc

tio
n 

in
 th

e 
hi

p-
po

ca
m

pu
s, 

de
la

ys
 S

E 
on

se
t, 

an
d 

re
du

ce
s s

ei
zu

re
 d

ur
at

io
n.

 
Th

e 
re

su
lts

 fr
om

 th
is

 P
ha

se
-I

I 
tri

al
 (N

C
T0

10
48

25
5)

 in
di

ca
te

 
a 

be
ne

fic
ia

l e
ffe

ct
 fr

om
 a

 fo
ur

-
w

ee
k 

tre
at

m
en

t w
ith

 V
X

-7
65

A
t 5

0 
to

 2
00

 m
g/

kg
 V

X
-7

65
, t

he
 

nu
m

be
r o

f s
ei

zu
re

s a
nd

 th
ei

r 
to

ta
l l

en
gt

h 
w

er
e 

re
du

ce
d.

 A
t 

do
sa

ge
s o

f 1
00

 a
nd

 2
00

 m
g/

kg
, t

he
 st

ar
t o

f t
he

 fi
rs

t s
ei

zu
re

 
w

as
 si

gn
ifi

ca
nt

ly
 d

el
ay

ed
, a

nd
 

so
m

e 
A

dv
er

se
 e

ve
nt

s a
ls

o 
oc

cu
rr

ed
, s

uc
h 

as
 h

ea
da

ch
e,

 
di

zz
in

es
s, 

fa
tig

ue
, a

nd
 g

as
tro

-
in

te
sti

na
l d

is
or

de
rs

[1
2,

 3
8,

 1
01

]



1443Molecular Biology Reports (2022) 49:1437–1452 

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

S.
 n

o
D

ru
gs

A
nt

i-i
nfl

am
m

at
or

y 
m

ec
ha

ni
sm

 
an

d 
ta

rg
et

Pr
ec

lin
ic

al
 o

ut
co

m
e

C
lin

ic
al

 o
ut

co
m

e
Si

de
 e

ffe
ct

s a
nd

 c
om

pl
ic

at
io

ns
Re

fe
re

nc
es

3
A

sp
iri

n,
 E

to
ric

ox
ib

, N
im

e-
su

lid
e,

 P
ar

ec
ox

ib
 (v

al
de

co
xi

b)
, 

In
do

m
et

ha
ci

n,
 C

el
ec

ox
ib

, 
N

S3
98

, S
C

58
12

5,
 S

C
58

23
6

Th
us

 th
e 

m
ec

ha
ni

sm
s u

nd
er

ly
-

in
g 

th
e 

eff
ec

ts
 o

f C
O

X
‐2

 in
hi

-
bi

tio
n 

re
du

ce
 th

e 
pr

os
ta

gl
an

di
n 

le
ve

ls
 o

r t
he

 m
od

ul
at

io
n 

of
 

ca
nn

ab
in

oi
d 

re
ce

pt
or

 ty
pe

 1
 

(C
B

1)
 re

ce
pt

or
s, 

be
in

g 
CO

X
‐2

 
at

 th
e 

in
te

rfa
ce

 b
et

w
ee

n 
th

e 
ei

co
sa

no
id

 a
nd

 th
e 

en
do

ca
n-

na
bi

no
id

 sy
ste

m
s

N
eu

ro
na

l d
ea

th
 a

nd
 m

ic
ro

gl
ia

l 
ac

tiv
at

io
n 

du
rin

g 
th

e 
la

te
nt

 
pe

rio
d 

of
 se

iz
ur

es
 d

ec
re

as
e 

sp
on

ta
ne

ou
s r

ec
ur

re
nt

 se
i-

zu
re

s. 
Th

e
D

ec
re

as
e 

in
 se

iz
ur

es
-in

du
ce

d 
up

-r
eg

ul
at

io
n 

of
 e

nd
ot

he
lia

l 
P-

gl
yc

op
ro

te
in

↓ 
O

xi
da

tiv
e 

str
es

s-
in

du
ce

d 
at

 th
e 

br
ai

n 
le

ve
l

Th
e 

se
le

ct
iv

e 
C

ox
 in

hi
bi

to
rs

 
re

du
ce

 n
eu

ro
na

l d
am

ag
e,

 
re

cu
rr

en
t s

ei
zu

re
s, 

an
d 

be
ha

vi
or

 a
bn

or
m

al
iti

es
 a

nd
 

pr
ev

en
t n

eu
ro

na
l d

ea
th

 a
nd

 
m

ic
ro

gl
ia

l a
ct

iv
at

io
n 

in
 th

e 
hi

pp
oc

am
pu

s. 
Si

de
 e

ffe
ct

s-
 

10
%

 In
cr

ea
se

d 
no

se
bl

ee
ds

 a
nd

 
br

ui
si

ng
 5

%
 se

ve
re

 si
de

 e
ffe

ct
s 

lik
e 

si
gn

ifi
ca

nt
 b

le
ed

in
g,

 a
n 

al
le

rg
ic

 ra
sh

, h
em

at
em

es
is

, 
su

bd
ur

al
 h

em
at

om
a.

 T
he

 
cl

in
ic

al
 tr

ia
l o

f i
nfl

am
m

at
or

y 
dr

ug
s (

di
cl

of
en

ac
, p

ar
ac

et
a-

m
ol

 1
5 

m
g/

kg
, a

nd
 ib

up
ro

fe
n 

10
 m

g/
kg

 a
t f

ou
r t

im
es

 o
f 

da
y)

 a
re

 c
on

du
ct

ed
 in

 p
ha

se
-4

 
(N

C
T0

05
68

21
7)

 fo
r e

va
lu

-
at

in
g 

th
e 

eff
ec

t o
n 

Fe
br

ile
 

Se
iz

ur
e

C
el

ec
ox

ib
 (2

0 
m

g/
kg

 i.
p.

) 
Sh

ow
n 

to
 re

du
ce

 th
e 

se
ve

rit
y 

of
 P

TZ
-in

du
ce

d 
se

iz
ur

e,
 a

n 
81

%
 d

ec
re

as
e 

in
 th

e 
du

ra
tio

n 
of

 g
en

er
al

iz
ed

 c
on

vu
ls

io
ns

D
ur

in
g 

or
 a

fte
r a

 1
5-

da
y 

tre
at

-
m

en
t, 

da
ily

 a
dm

in
ist

ra
tio

n 
w

ith
 n

im
es

ul
id

e 
(2

.5
 o

r 5
 m

g/
kg

) r
ed

uc
ed

 P
TZ

-in
du

ce
d 

ki
nd

lin
g

A
sp

iri
n 

(2
0 

m
g/

kg
 i.

p.
) 2

0 
da

ys
 

of
 st

at
us

 e
pi

le
pt

ic
us

 ↓
 sp

on
-

ta
ne

ou
s r

ec
ur

re
nt

 se
iz

ur
es

 ↓
 

hi
pp

oc
am

pa
l n

eu
ro

na
l l

os
s, 

m
os

sy
 fi

be
r s

pr
ou

tin
g,

 a
nd

 
ab

er
ra

nt
 n

eu
ro

ge
ne

si
s. 

Tr
ea

t-
m

en
t w

ith
 C

O
X

IB
s o

r n
on

-
se

le
ct

iv
e 

N
SA

ID
s h

ad
 se

ve
re

 
si

de
 e

ffe
ct

s, 
su

ch
 a

s i
nc

re
as

in
g 

se
iz

ur
es

, m
or

e 
si

gn
ifi

ca
nt

 
ne

ur
on

al
 d

ea
th

, a
nd

 a
 h

ig
he

r 
m

or
ta

lit
y 

ra
te

[4
2,

 1
00

]

4
M

in
oc

yc
lin

e 
(2

5 
m

g/
kg

)
In

 a
 p

at
ie

nt
 w

ith
 a

str
oc

yt
om

a 
an

d 
dr

ug
-r

es
ist

an
t e

pi
le

ps
y,

 
m

in
oc

yc
lin

e 
is

 a
n 

an
tib

io
tic

 
w

ith
 a

 b
ro

ad
 sp

ec
tru

m
 o

f 
an

im
al

 m
od

el
s, 

in
cl

ud
in

g 
su

pp
re

ss
io

n 
of

 m
ic

ro
gl

ia
l 

ac
tiv

at
io

n,
 p

ro
-in

fla
m

m
at

or
y 

cy
to

ki
ne

 p
ro

du
ct

io
n,

 a
nd

 
ca

sp
as

e-
1 

ex
pr

es
si

on
 in

hi
bi

-
to

r r
es

ul
te

d 
in

 a
 si

gn
ifi

ca
nt

 
de

cr
ea

se
 in

 se
iz

ur
e 

fr
eq

ue
nc

y

M
in

oc
yc

lin
e 

pr
et

re
at

m
en

t w
as

 
eff

ec
tiv

e 
in

 re
du

ci
ng

 m
R

N
A

 
le

ve
ls

 o
f I

L-
1b

 a
nd

 T
LR

2.
 

A
ls

o,
 m

in
oc

yc
lin

e 
de

cr
ea

se
d 

m
R

N
A

 e
xp

re
ss

io
n 

of
 in

fla
m

-
m

at
or

y 
ge

ne
s, 

in
cl

ud
in

g 
IL

-6
, 

IL
-1

b,
 M

H
C

II
, a

nd
 T

LR
2,

 
re

du
ci

ng
 th

e 
pr

od
uc

tio
n 

of
 

cy
to

ki
ne

s o
r b

lo
ck

in
g 

th
e 

eff
ec

ts
 o

n 
th

e 
ce

ll 
su

rfa
ce

M
in

oc
yc

lin
e 

ha
vi

ng
 b

ot
h 

an
tim

ic
ro

bi
al

 p
ro

pe
rti

es
 a

nd
 

an
ti-

in
fla

m
m

at
or

y 
eff

ec
ts

; 
it 

ca
n 

cr
os

s B
B

B
 a

nd
 a

lte
r 

br
ai

n 
ce

lls
 a

ct
iv

iti
es

. I
ts

 a
nt

i-
in

fla
m

m
at

or
y 

eff
ec

t m
ig

ht
 b

e 
eff

ec
tiv

e 
on

 e
pi

le
pt

ic
 se

iz
ur

es
, 

am
yg

da
la

 k
in

dl
in

g-
in

du
ce

d 
se

iz
ur

es
, a

nd
 a

ls
o 

in
 tr

au
m

at
ic

 
br

ai
n 

da
m

ag
es

m
in

oc
yc

lin
e 

sh
ow

n 
pr

ot
ec

-
tio

n 
fro

m
 c

lo
ni

c 
se

iz
ur

e 
in

 
al

l d
os

es
 te

ste
d 

(7
5 

m
g/

kg
, 

10
0 

m
g/

kg
, a

nd
 1

50
 m

g/
kg

). 
m

in
oc

yc
lin

e 
(1

70
 m

g/
kg

) 
di

sp
la

ye
d 

to
xi

c 
eff

ec
ts

, r
an

g-
in

g 
fro

m
 m

ot
or

 im
pa

irm
en

t t
o 

re
sp

ira
to

ry
 fa

ilu
re

 a
nd

 d
ea

th

[1
2,

 1
02

, 1
03

]



1444 Molecular Biology Reports (2022) 49:1437–1452

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

S.
 n

o
D

ru
gs

A
nt

i-i
nfl

am
m

at
or

y 
m

ec
ha

ni
sm

 
an

d 
ta

rg
et

Pr
ec

lin
ic

al
 o

ut
co

m
e

C
lin

ic
al

 o
ut

co
m

e
Si

de
 e

ffe
ct

s a
nd

 c
om

pl
ic

at
io

ns
Re

fe
re

nc
es

5
SC

-5
10

89
, S

C
-5

13
22

B
lo

ck
in

g 
th

e 
EP

1 
re

ce
pt

or
 b

y 
th

e 
an

ta
go

ni
st,

 S
C

-5
10

89
 a

nd
 

SC
-5

13
22

, i
n 

th
e 

pi
lo

ca
rp

in
e-

in
du

ce
d 

SE
 ra

t m
od

el
 p

re
-

ve
nt

ed
 se

iz
ur

e-
in

du
ce

d 
P-

gp
 

up
re

gu
la

tio
n.

 T
he

 d
ire

ct
 in

hi
-

bi
tio

n 
of

 P
-g

p 
m

ay
 im

pr
ov

e 
se

iz
ur

e 
co

nt
ro

l; 
ho

w
ev

er
, i

ts
 

pa
n 

in
hi

bi
tio

n 
m

ay
 le

ad
 to

 
ha

rm
fu

l e
ffe

ct
s

EP
1 

re
ce

pt
or

 in
hi

bi
tio

n 
w

ith
 

SC
51

08
9 

or
 S

C
51

32
2 

re
du

ce
d 

th
e 

hi
pp

oc
am

pa
l d

am
ag

e 
pr

od
uc

ed
 b

y 
ox

yg
en

–g
lu

co
se

 
de

pr
iv

at
io

n 
an

d 
sh

ow
ed

 n
eu

-
ro

pr
ot

ec
tio

n 
aff

or
de

d 
by

 E
P1

 
re

ce
pt

or
 in

hi
bi

tio
n 

in
vo

lv
es

 
th

e 
PI

3K
/A

K
T 

su
rv

iv
al

 
pa

th
w

ay

In
hi

bi
tio

n 
or

 g
en

et
ic

 in
ac

tiv
a-

tio
n 

of
 E

P1
 re

ce
pt

or
s c

ou
n-

te
ra

ct
s t

he
  C

a2+
 d

ys
re

gu
la

tio
n 

in
du

ce
d 

by
 N

M
D

A
 re

ce
pt

or
 

ov
er

ac
tiv

at
io

n 
an

d 
in

du
ce

s 
ne

ur
op

ro
te

ct
io

n

SC
-5

10
89

 d
os

e 
is

 3
–3

0 
m

g/
kg

, 
sh

ow
n 

an
 a

nt
ie

pi
le

pt
ic

 e
ffe

ct
, 

an
d 

th
e 

hi
gh

es
t d

os
e 

is
 3

0 
m

g/
kg

. W
he

n 
gi

ve
n 

60
 m

in
 b

ef
or

e 
sti

m
ul

at
io

n,
 it

 si
gn

ifi
ca

nt
ly

 
re

du
ce

d 
se

iz
ur

e 
se

ve
rit

y 
an

d 
A

fte
r-d

is
ch

ar
ge

 d
ur

at
io

n.
 T

ol
-

er
ab

ili
ty

 is
su

es
 w

er
e 

ob
se

rv
ed

, 
in

cl
ud

in
g 

ga
str

oi
nt

es
tin

al
 a

nd
 

re
na

l c
on

se
qu

en
ce

s a
nd

 a
n 

el
ev

at
ed

 ri
sk

 o
f c

ar
di

ov
as

cu
la

r 
an

d 
ce

re
br

ov
as

cu
la

r e
ve

nt
s a

t 
a 

hi
gh

er
 d

os
e 

of
 E

P1
 re

ce
pt

or
 

an
ta

go
ni

st

[4
2,

 1
04

, 1
05

]

6
SJ

N
25

11
, S

B
43

15
42

Pr
et

re
at

m
en

t w
ith

 S
B

43
15

42
 

or
 th

e 
A

LK
5/

TG
F-

 sp
ec

ifi
c 

bl
oc

ke
r S

JN
25

11
 re

du
ce

s 
al

bu
m

in
-in

du
ce

d 
TG

F-
1 

up
re

gu
la

tio
n 

in
 a

str
oc

yt
es

, 
pr

ev
en

tin
g 

sy
na

pt
og

en
es

is
 a

nd
 

ep
ile

ps
y

SJ
N

25
11

, S
B

43
15

42
 sh

ow
n 

th
e 

TG
F-

β 
pa

th
w

ay
 in

hi
bi

-
tio

n 
pr

ev
en

ts
 th

e 
ac

tiv
at

io
n 

of
 

as
tro

cy
te

s d
ur

in
g 

ep
ile

pt
og

en
-

es
is

, l
ea

di
ng

 to
 a

 re
du

ct
io

n 
in

 
sp

on
ta

ne
ou

s s
ei

zu
re

 a
ct

iv
ity

 
an

d 
br

ai
n 

in
fla

m
m

at
io

n.
 In

 
pe

op
le

 w
ith

 b
ra

in
 in

ju
rie

s, 
th

e 
TG

F-
B

 p
at

hw
ay

 c
ou

ld
 b

e 
a 

th
er

ap
eu

tic
 ta

rg
et

 fo
r p

re
ve

nt
-

in
g 

se
iz

ur
e 

de
ve

lo
pm

en
t

SJ
N

25
11

, S
B

43
15

42
 re

sp
ec

-
tiv

el
y,

 p
re

ve
nt

ed
 th

e 
m

ic
ro

va
s-

cu
la

r c
ha

ng
es

 a
nd

 th
e 

pa
th

o-
lo

gi
c 

co
ns

eq
ue

nc
es

 o
f B

B
B

 
dy

sf
un

ct
io

n,
 su

ch
 a

s e
xc

ita
to

ry
 

sy
na

pt
og

en
es

is
, i

n 
ep

ile
ps

y 
m

od
el

s. 
Th

es
e 

tre
at

m
en

ts
 

al
so

 re
du

ce
d 

th
e 

in
ci

de
nc

e 
of

 
ep

ile
ps

y 
an

d 
th

e 
nu

m
be

r o
f 

sp
on

ta
ne

ou
s s

ei
zu

re
s i

n 
th

e 
an

im
al

s a
nd

 re
du

ce
d 

th
e 

ne
u-

ro
in

fla
m

m
at

or
y 

re
sp

on
se

––
-

[2
, 1

06
]

7
Lo

sa
rta

n
Lo

sa
rta

n,
 p

re
vi

ou
sly

 k
no

w
n 

as
 

a 
pe

rip
he

ra
l T

G
F-

si
gn

al
in

g 
bl

oc
ke

r, 
su

cc
es

sf
ul

ly
 p

re
ve

nt
s 

ep
ile

ps
y 

by
 b

lo
ck

in
g 

al
bu

m
in

-
in

du
ce

d 
br

ai
n 

TG
F-

si
gn

al
in

g

Lo
sa

rta
n 

re
du

ce
d 

al
bu

m
in

-
in

du
ce

d 
in

cr
ea

se
 in

 p
-S

m
ad

2/
3 

le
ve

ls
 a

s w
el

l a
s a

str
oc

yt
ic

 
ac

tiv
at

io
n.

 A
s T

G
F-

β1
 w

as
 

al
so

 sh
ow

n 
to

 in
du

ce
 th

e 
ac

tiv
at

io
n 

of
 v

as
cu

la
r e

nd
ot

he
-

lia
l g

ro
w

th
 fa

ct
or

 (V
EG

F)
 

si
gn

al
in

g,
 lo

sa
rta

n 
m

ay
 a

ls
o 

pr
ev

en
t a

ng
io

ge
ne

si
s a

nd
 B

B
B

 
dy

sf
un

ct
io

n,
 b

ot
h 

kn
ow

n 
to

 
co

nt
rib

ut
e 

to
 th

e 
ep

ile
pt

og
en

ic
 

pr
oc

es
s

Lo
sa

rta
n 

pr
ev

en
ts

 T
G

F-
β 

si
gn

al
in

g 
in

 th
e 

br
ai

n 
an

d 
th

e 
di

ffe
re

nt
ia

l e
ffe

ct
s o

f l
os

ar
ta

n 
on

 sp
ec

ifi
c 

ce
ll 

po
pu

la
tio

ns
 

w
ith

in
 th

e 
ne

ur
ov

as
cu

la
r u

ni
t. 

lo
sa

rta
n 

m
ay

 a
ls

o 
pr

ev
en

t 
an

gi
og

en
es

is
 a

nd
 B

B
B

 
dy

sf
un

ct
io

n,
 b

ot
h 

kn
ow

n 
to

 c
on

tri
bu

te
 to

 d
ec

re
as

in
g 

se
iz

ur
e 

se
ve

rit
y 

or
 e

nh
an

ci
ng

 
an

tie
pi

le
pt

ic
 e

ffi
ca

cy
 in

 tw
o 

ro
de

nt
 m

od
el

s o
f e

pi
le

ps
y

Lo
sa

rta
n 

w
as

 in
je

ct
ed

 (I
P,

 
50

-1
00

 m
g/

kg
) t

o 
in

ve
sti

ga
te

 
th

e 
effi

ca
cy

 o
f s

ys
te

m
ic

 lo
sa

r-
ta

n 
tre

at
m

en
t i

n 
pr

ev
en

tin
g 

ep
ile

ps
y.

 L
os

ar
ta

n 
sh

ow
s m

ild
 

si
de

 e
ffe

ct
s l

ik
e 

hy
pe

rte
ns

io
n 

in
 th

e 
lo

ng
 te

rm

[1
2,

 5
6]



1445Molecular Biology Reports (2022) 49:1437–1452 

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

S.
 n

o
D

ru
gs

A
nt

i-i
nfl

am
m

at
or

y 
m

ec
ha

ni
sm

 
an

d 
ta

rg
et

Pr
ec

lin
ic

al
 o

ut
co

m
e

C
lin

ic
al

 o
ut

co
m

e
Si

de
 e

ffe
ct

s a
nd

 c
om

pl
ic

at
io

ns
Re

fe
re

nc
es

8
TG

6-
10

-1
 (5

 m
g/

kg
, i

.p
.),

 T
G

4-
15

5 
(5

 m
g/

kg
, i

.p
.)

A
C

CO
R

D
IN

G
 T

O
 P

H
A

R
M

A
-

CO
D

Y
N

A
M

IC
 IN

V
ES

TI
G

A
-

TI
O

N
S,

 b
ot

h 
TG

4–
15

5 
an

d 
TG

6–
10

-1
 b

lo
ck

 th
e 

EP
2 

re
ce

pt
or

 b
y 

co
m

pe
tin

g 
w

ith
 

PG
E2

 fo
r r

ec
ep

to
r b

in
di

ng

Th
e 

m
as

si
ve

 e
le

va
tio

n 
of

 m
an

y 
pr

im
ar

y 
pr

o-
in

fla
m

m
at

or
y 

m
ed

ia
to

rs
 su

ch
 a

s c
yt

ok
in

es
 

in
te

rle
uk

in
 1

 (I
L-

1)
, i

nt
er

le
u-

ki
n 

6 
(I

L-
6)

, a
nd

 tu
m

or
 n

ec
ro

-
si

s f
ac

to
r (

TN
F-

) g
en

er
at

ed
 

by
 a

ct
iv

at
ed

 m
ic

ro
gl

ia
 w

as
 

re
du

ce
d 

by
 p

ha
rm

ac
ol

og
ic

al
 

bl
oc

ka
de

 o
f E

P2
 re

ce
pt

or

Th
e 

se
iz

ur
e-

tri
gg

er
ed

 B
B

B
 

di
sr

up
tio

n 
w

as
 p

rim
ar

ily
 p

re
-

ve
nt

ed
 b

y 
po

st-
SE

 tr
ea

tm
en

t 
w

ith
 E

P2
 a

nt
ag

on
ist

 T
G

6–
10

-1
 in

 p
ilo

ca
rp

in
e-

tre
at

ed
 S

E 
m

ic
e,

 k
ai

ni
c 

ac
id

-tr
ea

te
d 

m
ic

e,
 

an
d 

D
FP

-tr
ea

te
d 

ra
ts

, a
ss

es
se

d 
by

 m
ea

su
rin

g 
th

e 
al

bu
m

in
 

le
ve

ls
 in

 th
e 

br
ai

n 
pa

re
nc

hy
m

a

Fo
llo

w
in

g 
pi

lo
ca

rp
in

e-
in

du
ce

d 
SE

, s
ys

te
m

ic
 in

je
ct

io
n 

of
 

TG
6-

10
-1

 (5
 m

g/
kg

, i
.p

.),
 

TG
4-

15
5 

(5
 m

g/
kg

, i
.p

.) 
en

ha
nc

ed
 sh

or
t-t

er
m

 (1
-w

ee
k)

 
su

rv
iv

al
 fr

om
 6

0 
to

 9
0%

, a
nd

 
lo

ng
-te

rm
 (2

-m
on

th
) s

ur
vi

va
l 

fro
m

 4
8%

 to
 8

3 
pe

rc
en

t 
in

 m
ic

e.
 L

on
g-

te
rm

 h
ig

h 
do

se
 u

sa
ge

 o
f s

el
ec

tiv
e 

EP
2 

re
ce

pt
or

 in
hi

bi
to

rs
 h

as
 b

ee
n 

sh
ow

n 
to

 h
av

e 
ad

ve
rs

e 
ca

rd
io

-
va

sc
ul

ar
 a

nd
 c

er
eb

ro
va

sc
ul

ar
 

co
ns

eq
ue

nc
es

[6
4,

 6
8,

 1
07

]

9
Re

sv
er

at
ro

l (
3,

5,
4′

-tr
ih

yd
ro

x-
ys

til
be

ne
)

Th
e 

ab
ili

ty
 o

f r
es

ve
ra

tro
l t

o 
pa

ss
 

th
e 

bl
oo

d–
br

ai
n 

ba
rr

ie
r a

nd
 

ha
ve

 n
eu

ro
pr

ot
ec

tiv
e 

eff
ec

ts
 is

 
du

e 
to

 it
s a

bi
lit

y 
to

 in
flu

en
ce

 
re

do
x 

pa
th

w
ay

s a
nd

 th
e 

Si
rtu

in
 

(S
IR

T)
 sy

ste
m

, w
hi

ch
 m

od
ifi

es
 

ge
ne

 tr
an

sc
rip

tio
n 

an
d 

co
nt

ro
ls

 
in

fla
m

m
at

io
n 

an
d 

ap
op

to
si

s i
n 

th
e 

br
ai

n

Ph
os

ph
or

yl
at

io
n 

of
 M

A
PK

s a
nd

 
ac

tiv
at

io
n 

of
 A

M
PK

 b
y 

re
s-

ve
ra

tro
l i

n 
ne

ur
on

s l
ik

el
y 

he
lp

s 
m

ai
nt

ai
n 

co
gn

iti
ve

 fu
nc

tio
ns

 
an

d 
pr

ov
id

es
 n

eu
ro

pr
ot

ec
tio

n,
 

in
cl

ud
in

g 
th

e 
te

m
po

ra
l l

ob
e 

ep
ile

ps
y

Re
sv

er
at

ro
l t

re
at

m
en

t r
ed

uc
ed

 
et

ha
no

l-i
nd

uc
ed

 n
eu

ro
na

l c
el

l 
de

at
h,

 so
di

um
 n

itr
op

ru
ss

id
e 

in
du

ce
d 

hi
pp

oc
am

pa
l c

el
l 

de
at

h,
 a

nd
 in

tra
ce

llu
la

r R
O

S 
ac

cu
m

ul
at

io
n,

 a
nd

 re
sv

er
at

ro
l 

pr
et

re
at

m
en

t p
ro

vi
de

d 
ne

ur
o-

pr
ot

ec
tio

n 
vi

a 
its

 a
nt

io
xi

da
nt

 
ac

tio
ns

Re
sv

er
at

ro
l a

dm
in

ist
ra

tio
n 

(i.
p.

 
20

 a
nd

 1
20

 m
g/

kg
) d

el
ay

ed
 

th
e 

on
se

t o
f e

pi
le

pt
ifo

rm
 E

EG
 

ab
no

rm
al

iti
es

. F
ur

th
er

m
or

e,
 

th
er

ap
y 

re
du

ce
d 

br
ai

n 
M

D
A

, 
a 

ha
llm

ar
k 

of
 O

S;
 h

ow
ev

er
, 

gl
ut

at
hi

on
e 

le
ve

ls
 w

er
e 

no
t s

ig
ni

fic
an

tly
 d

iff
er

en
t. 

Re
sv

er
at

ro
l, 

w
hi

ch
 is

 p
re

se
nt

 
in

 th
e 

sk
in

 o
f r

ed
 g

ra
pe

s, 
ca

n 
m

ed
ia

te
 a

 w
id

e 
ra

ng
e 

of
 b

io
-

lo
gi

ca
l p

ro
ce

ss
es

 w
hi

le
 h

av
in

g 
no

 n
eg

at
iv

e 
si

de
 e

ffe
ct

s

[1
08

, 1
09

]

10
LP

S-
R

s, 
Ps

eu
do

-p
ep

tid
e 

BO
X

 A
In

iti
al

 a
nd

 p
er

si
ste

nt
 se

iz
ur

es
 a

re
 

re
du

ce
d 

w
he

n 
th

e 
ps

eu
do

-
pe

pt
id

e 
BO

X
 A

 o
r L

PS
-R

S—
a 

de
ac

tiv
at

ed
 L

PS
 fr

om
 th

e 
ph

ot
os

yn
th

et
ic

 b
ac

te
riu

m
 R

ho
-

do
ba

ct
er

 sp
ha

er
oi

de
s—

bl
oc

ks
 

H
M

G
B

1/
TL

R
4 

si
gn

al
in

g

–
–

–
[3

8]



1446 Molecular Biology Reports (2022) 49:1437–1452

1 3

brain and prevent spontaneous seizures [56]. In epilepsy, 
the specific inflammatory pathway involvement determined 
the epileptogenic role of transforming growth factor-beta-β 
(TGF-β) signaling in BBB dysfunction. The BBB disrup-
tion has been associated with serum components like albu-
min and IgGs in a wide variety of cell types [57]. Neurons, 
astrocytes, and microglia all take up albumin, although to 
a lesser extent. In contrast, IgG uptake has been found in 
neurons. TGF-βRs (transforming growth factor-β receptors) 
promote albumin endocytosis in endothelial cells, resulting 
in phosphorylation of Smad2, the proximate effector of the 
canonical TGF-β signaling pathway, and translocation of the 
activated Smad2/Smad4 complex to the nucleus, thereby 
modifying astrocytic function. [58]. TGF-β signaling was 
also linked to quick changes in extracellular potassium and 
glutamate, as well as a decreased activation threshold for 
neurons [59, 60]. Specifically, astrocytes were shown to 
regulate synaptogenesis through the molecule antagonist for 
angiotensin II receptor type 1  (AT1) that has been reported 
to block the peripheral TGF-β signaling, can effectively sup-
press albumin-induced TGF-β activation in the brain and 
prevent the subsequent spontaneous seizures. These results 
reinforce the notion that targeting TGF-β signaling is a fea-
sible strategy for disease modification and prevention of 
epilepsy [63].

TG4‑155 and TG6‑10‑1

The selective antagonist of the EP2 receptor (TG4-155 and 
TG6-10-1) is a subtype of prostaglandin E2. The COX path-
way mediates many physiological and pathological activities 
by its prostanoid products [64, 65]. In response to seizure, 
the arachidonic acid is released and converts into PGH2 
in presence of COX, the COX-1 (constitutive) and COX-2 
(inducible) are the two types of COX then after the  PGH2 is 
quickly converted to five different types of prostanoids such 
as  PGD2,  PGF2α,  PGE2, thromboxane  TXA2, and prostacyclin 
 PGI2 by prostanoid synthases that are tissue-specific [66, 
67].  PGE2 stimulates the action of the GPCR receptor and 
four E-type prostanoid receptors EP1, EP2, EP3, and EP4. 
PGE2 and its receptors play a major role in inflammatory 
prostaglandin signaling activation causing neuroinflam-
mation in epilepsy. Therefore, the TG4-155 and TG6-10-1 
antagonist of EP2 receptor possess a neuroprotective effect 
in epilepsy [68].

Resveratrol (3,5,4′‑trihydroxystilbene)

The Antioxidant compounds have been considered a suc-
cessful therapeutic approach in various neurological diseases 
[69]. The antioxidant compound resveratrol has shown an 
antiepileptic effect by decreasing oxidative stress and 
regulating Sirtuin (SIRT) mechanism; the sirtuin protein 

regulates mitochondrial dysfunction-related apoptotic path-
way [70]. The mitochondrial dysfunction in epilepsy also 
plays a significant factor in epileptogenesis by increasing 
the production of reactive oxygen species with long-term 
elevated pro-inflammatory mediators, further initiating the 
neuronal apoptotic death [71–73]. Therefore, resveratrol 
possesses anticonvulsant activity by preventing mitochon-
drial oxidative stress in epilepsy [74–76]. Furthermore, 
resveratrol also restores peroxisome proliferator-activated 
receptor-gamma coactivator (PGC)-1alpha and regulates 
oxidative stress and mitochondrial dysfunction [77, 78]. 
Resveratrol also increases the expression of antioxidant Nrf2 
protein and erythroid 2-related factor 2, decreasing the reac-
tive oxygen species and preventing neuroinflammation in 
epilepsy [79–81]. Resveratrol efficiently prevents chronic 
seizures induced oxidative stress and suppresses neuroin-
flammation by preventing NF-kB activation that promotes 
the production of inflammatory molecules such as iNOS, 
COX-2, and IL-1ß [82–84]. Also, the stimulation of AMP-
activated kinase (AMPK) by resveratrol further inhibited the 
NF-kB activation and the production of pro-inflammatory 
molecules that initiates hyperexcitability in epilepsy [85, 
86].

LPS‑Rs, pseudo‑peptide BOX A

In LPS-induced neuroinflammation, LPS-Rs, a TLR4 (Toll-
like receptors-4) antagonist, suppress inflammatory media-
tors levels such as IL-6, TNF-α, COX-2, IL-1, iNOS, and 
NO in a substantial way in tissue. LPS-Rs modulates levels 
of various signaling pathways like MAPKs, JNK/p38, and 
p65-NF-kB in neuronal tissue [90]. The activation of the 
neuroimmune system represented by excessive migration of 
microglial cells is the progressive events of neuroinflamma-
tion mediated neurodegeneration in epilepsy by modulating 
further intracellular inflammatory pathways exacerbating 
neurotoxicity. The implication of toll-like receptors (TLRs) 
in microglial cells further modulating TLR dependent sign-
aling of activation of MAPKs, JNK/p38, and p65-NF-kB 
cascades mediating neuroinflammation and exacerbated 
neurodegeneration in epilepsy [91, 92]. The various studies 
suggested the involvement of microglia cells infiltration of 
neuroimmune cells (T-cells) that acts as a marker for neu-
roinflammation or neuronal tissue damage in response to 
chronic seizure-induced brain injury. Therefore, the elevated 
levels of pro-inflammatory mediators (IL-1beta, IL-6, TNF-
α, COX-2, iNOS, and NO) are seen to be elicited centrally 
propagating extracellular diffusion pathways involving the 
activation of NF-kB influencing neuroinflammation in epi-
lepsy [92]. Therefore, the LPS-Rs, a lipopolysaccharide 
of bacterium Rhodobacter sphaeroides, is a potent TLR4 
antagonist that has inhibited neuroinflammation and neu-
ronal apoptotic death. TLR4, an endogenous danger signal 
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protein produced in the CNS by immune cells, neurons, and 
glia in response to cell injury or neuronal hyperexcitability, 
can be activated by pro-inflammatory cytokines HMGB1 
[89, 91]. The elevated levels of HMGB1 in epileptic brain 
tissues when seizures are persistent further binds to TLR4, 
promoting the activity of postsynaptic NMDA receptor 
and increasing the calcium influx leading to potentiates 
NMDA-induced excitotoxicity [24, 25]. The hyperactiva-
tion of metabotropic glutamate receptors group I (NMDAR) 
mediates excitatory synaptic transmission in epilepsy. Thus, 
the TLR4 inhibitor LPS-Rs tends to be a protective strategy 
in reducing the HMGB1 that prevents postsynaptic NMDA 
receptor hyperactivation mediated excitotoxicity in epilepsy 
[9, 24, 92]

Clinical & future prospective

Despite the treatment approaches in epilepsy targeting 
inflammatory pathways have been explored in the cur-
rent review suggesting the immunomodulatory treatment 
in epilepsy indicating inflammatory processes. Several 
inflammatory targets broadly discuss the consequences 
like cognitive dysfunction, excitotoxicity, and drug resist-
ance from invasive neuroinflammation in epilepsy. Fur-
ther in the future, the understanding of mRNAs-based 
gene therapy in epilepsy is a recent promising strategy 
in preventing the neuroinflammation-mediated neuronal 
dysfunction in epilepsy. The epileptic studies suggested 
the dysregulation of miRNA under pathological state 
associated with hyperexcitability. The Gene expression 
data (RNA-Seq) and miRNA suggested the role of miR-
NAs regulating inflammatory responses neuronal necro-
sis and apoptosis genes in epilepsy. The inflammatory 
mediators are the biomarkers for the brain tissue injury 
in epilepsy that are marked by the upregulated levels of 
cytotoxic substances like interleukin-1 β (IL1 β), tumor 
necrosis factor-α (TNF-α), and high mobility group protein 
(HMGB1) [95]. Further, miRNAs have a role in regulating 
the genes encoding for proteins controlling the functioning 
of neuronal and non-neuronal cells and the receptors that 
seem to be altered under epileptogenesis. Therefore, the 
microarray studies screened the alterations in miRNAs as 
an early phase controller for the occurrence of the disease 
that is responsible for the regulation for pathogenic pro-
cesses of neuroinflammation destroying the blood–brain 
barrier and aggravated damages in the brain promoting 
neuronal excitability in epilepsy [95, 96] (Fig. 2). The 

miRNAs like miR-34c-5p have been downregulated in 
epileptic patients of drug resistance, indicating the dis-
ruption of the blood–brain barrier and elevated levels of 
inflammatory mediators (HMGB1, IL-1β) indicates the 
potential role of neuroinflammation in the development 
of epileptogenesis. Furthermore, the other upregulation 
of miR-27a-3p and downregulation of miR-125a5p also 
found to be altered in epileptic brain tissue, increasing 
the expression of IL-1, INF-α, and TNF-α) representing 
the neuroinflammation in epilepsy [95, 96]. Likewise, the 
miRNA 146a, 155, 221, 122, 22 is upregulated during sei-
zures induced neuronal injury as an indicator of activa-
tion of glial cells and providing a future targeted therapy 
of miRNAs as master regulators of immune responses 
[95]. The upregulation of miRNA 155 and 122 expression 
indicates the increase of the neurotrophic factors (BDNF, 
TGF-beta) promoting glial cells dysfunctioning mediated 
neuroinflammation by increasing the expression of TNF- 
alpha mediated excitotoxicity in epilepsy [95]. Therefore, 
the MRG-106 or Cobomarsen, an inhibitor of miRNA 155, 
and SPC3649 (miravirsen) an inhibitor of miRNA 122 tend 
to effectively prevent inflammatory disease, which might 
be a future targeted therapy for neuroinflammation in epi-
lepsy [95, 98]. The decreased miRNA 122 in epilepsy also 
indicates the neuroinflammation in epilepsy, as the miRNA 
122 has a role in preventing pro-inflammatory cytokines 
by inhibiting the transcriptional factor (NF-kB) [95, 97].

Conclusion

Elevated inflammatory biomarkers are the evidence of 
neuroinflammation and structural changes like hippocam-
pal cell degeneration and mossy fiber sprouting, increasing 
excitability in epilepsy. Neuroimmune responses of activa-
tion of glial cells give rise to overproduction of cytokines 
(IL-1β, IL-6, TNF-α, and reactive oxygen and nitrogen 
species (ROS)) as well disrupting blood–brain barrier 
causing drug resistance. The elevated levels of cytokines 
attributed to the neuronal excitability underlying neuro-
inflammatory pathways mechanisms causing excitotoxic-
ity in epilepsy. Therefore, the initiators like SC-58236, 
NS-398, anakinra, resveratrol, etc., are effective therapies 
by suppressing the cytokines and preventing the neuro-
inflammation producing secondary seizures, including 
neuronal dysfunction and providing the correlation of 
cytokines and various cascades mediated excitotoxicity.
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