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Abstract

As a crucial component of brain innate immunity, neuroinflammation initially contributes to
neuronal tissue repair and maintenance. However, chronic inflammatory processes within the brain
and associated blood-brain barrier impairment often cause neurotoxicity and hyperexcitability.
Mounting evidence points to a mutual facilitation between inflammation and epilepsy, suggesting
that blocking the undesired inflammatory signaling within the brain might provide novel strategies
to treat seizures and epilepsy. Neuroinflammation is primarily characterized by the upregulation of
proinflammatory mediators in epileptogenic foci, among which, cyclooxygenase-2/prostaglandin
E2, interleukin-1p, transforming growth factor-g, toll-like receptor 4, high-mobility group box 1,
and tumor necrosis factor-a have been extensively studied. Small molecules that specifically target
these key proinflammatory perpetrators have been evaluated for antiepileptic and antiepileptogenic
effects in animal models. These important preclinical studies provide new insights into the
regulation of inflammation in epileptic brains and guide drug discovery efforts aimed at
developing novel anti-inflammatory therapies for seizures and epilepsy.
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Neuroinflammation and Epilepsy

Inflammation is a sequence of biological responses to pathogenic challenges, and in the
periphery, it is often symptomized by local redness, fever, swelling, pain and loss of
function. The inflammatory processes can be temporally classified as either acute or chronic.
During the acute phase of inflammation, plasma proteins and leukocytes from the blood
vessels rapidly extravasate to the injury sites to initiate a series of biochemical and cellular
events, involving the immune system, vasculature and local cells. As a key component of
innate immunity, acute inflammation represents an attempt to resolve the noxious stimuli
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and initiate the healing process [1]. Acute inflammation typically subsides in days; however,
under certain circumstances inflammation persists to become chronic. Although tissue
healing continues at the chronic stage of inflammation, the excessive inflammatory
processes promote a complex network of molecular and cellular signaling pathways that are
linked to debilitating conditions such as rheumatoid arthritis, pain, cancer, vascular diseases,
skin inflammation, diabetes, heart diseases and pulmonary diseases [2]. In contrast to our
historical understanding that the central nervous system (CNS) is immune-privileged due to
tight constriction of the blood-brain barrier (BBB), inflammation within the brain — or
neuroinflammation — has emerged as a salient feature in virtually all neurological conditions
(Box 1), and been proposed to facilitate disease progression in the CNS (Box 2). Over the
past decade, an increasing body of clinical and preclinical evidence points to the
involvement of inflammation in the pathophysiology of acute brain insults and subsequent
epileptogenesis, a process that a normal brain becomes epileptic (Box 2) [3-6], and anti-
inflammatory therapeutics targeting crucial inflammatory components have been proposed
to treat seizures and epilepsy [7-13]. In this review, we highlight our current understanding
of neuroinflammation in epilepsy by focusing on recent preclinical efforts to develop anti-
inflammatory therapies that block acute seizures and/or the development of epilepsy via
selective small molecules.

Box 1
Does seizure cause neuroinflammation?

Neuroinflammation is characterized by the activation of microglia, astrocytes, endothelial
cells of the BBB, infiltration of plasma proteins and immune cells — granulocytes (mainly
neutrophils) in the beginning, followed by monocytes within a day and lymphocytes days
later, and the upregulation of an array of pro- or anti-inflammatory mediators [5, 163
165]. The best-known members of these inflammatory molecules can be classified into
proinflammatory enzymes including COX-2, inducible NOS (iNOS) and NOX; cytokines
such as IL-1pB, IL-6, TNF- a; and growth factors like TGF-p and BDNF. These cellular
and biochemical alterations within the brain are commonly observed in brain specimens
from epilepsy patients and in brain tissues from animals with experimental epilepsy [3,
4]. In addition, recent studies show that seizures also can increase the BBB permeability,
which can intensify and perpetuate neuroinflammation via extravasation of leukocytes
and inflammatory molecules from blood vessels into the brain parenchyma [5, 164, 166].
In general, initial prolonged seizures can trigger acute immune and inflammatory
responses within the brain, while the subsequent spontaneous recurrent seizures sustain
the chronic neuroinflammation.

Box 2
Does neuroinflammation cause seizure?

Neuroinflammation appears to affect seizure severity and recurrence, which is evident by
extensive clinical and experimental data. Patients with autoimmune diseases and

encephalitis accompanied by severe and long-lasting neuroinflammation often have high
frequency of seizures [167, 168]; infections in the CNS — caused by viruses, bacteria and
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parasites — often lead to severe inflammatory reactions and are a major risk factor for
epilepsy, as about 6.8 - 8.3 % of survivors of CNS infections have unprovoked seizures in
developed countries and the rates are much higher in the developing world [169]. These
clinical observations clearly suggest that the immune and inflammatory processes are
involved in some forms of epilepsy. It now becomes clear that proinflammatory
mediators such as COX-2, PGE,, IL-1p, IL-6, HMGB1, TLR4, TNF-a, TGF-g and
NOX2 play important roles in seizure generation and exacerbation [3, 13, 74, 132]. For
instance, systemic inflammatory processes induced by fever in children can cause
seizures and the proinflammatory cytokines such as IL-1p are believed to play crucial
roles [170]. Furthermore, systemic administration of LPS in rodents can change the
seizure threshold [171] and enhances epileptogenesis [82, 172], also involving cytokines
IL-1B and TNF-a, and COX-2 activation in the brain. Thus, as a consequence of
epilepsy, neuroinflammation in turn can cause or facilitate epilepsy.

Small Molecules as Anti-Inflammatory Therapeutics

Small molecules are synthetic chemicals with a low molecular weight (< 900 Da) and a size
on the order of a nanometer. These organic compounds constitute the vast majority of
current drugs in the market. Due to the small size, they are widely distributed throughout the
body after administration and can cross biological membranes, thereby modulating a broad
range of intracellular and extracellular molecular targets. Compared to biological drugs like
recombinant proteins, peptides, monoclonal antibodies, etc., small molecule-based drugs
provide many manufacture and delivery advantages: they are typically low-cost, stable, non-
immunogenic, easy to characterize and modify, orally available, and capable of penetrating
tissues [14]. The future of small-molecule paradigm is still promising particularly in the
CNS field in that biological drugs generally have poor brain penetration. Up to date, a
number of small-molecule compounds that selectively modify the key inflammatory
signaling pathways have been evaluated for therapeutic benefits in animal models of seizures
and epilepsy, with more under development or to be tested. Most of these compounds have
sufficient pharmacodynamic and pharmacokinetic properties — i.e., potency, selectivity,
bioavailability, /n vivo half-life, brain penetration — and are considerably safe with
appropriate dosage and dosing paradigm, and thus have enormous translational potential, as
some compounds have advanced to clinical studies.

COX Inhibitors

Cyclooxygenase (COX) is the rate-limiting enzyme in the synthesis of prostanoids that
comprise prostaglandin D2 (PGD»), PGEj, PGF,, and PGl,, and thromboxane A2 (TXAy).
COX has two isoforms: COX-1 is constitutively expressed throughout the body to maintain
homeostatic prostaglandins, which are important for many normal physiological functions;
COX-2 is usually undetectable in most normal tissues but strongly induced by infection,
fever, inflammation and other stimuli such as growth factors and excessive neuronal activity,
and is generally considered as a major proinflammatory mediator. COX-2 is rapidly and
robustly induced within the brain following seizures in both human patients and
experimental animals [15-17]. Chronic upregulation of COX-2 perpetuates and aggravates
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neuroinflammation and, thus contributes to the pathophysiology of acute and chronic
seizures. The first insight into the pathogenic role for COX-2 in seizures was derived from
experimental evidence that neuronal overexpression of COX-2 facilitates kainate-provoked
convulsions and increases seizure-associated mortality in mice [18]. Additional evidence
from a genetic strategy came from COX-2 knockout mice that show reduction of recurrent
hippocampal seizures in the kindling model of status epilepticus (SE) [19], and resistance to
neuronal death after kainate treatment [20]. More recently, in the mouse pilocarpine model,
ablation of COX-2 from a restricted population of forebrain neurons reduced
neuroinflammation and secondary neurodegeneration [16], and subtly improved retrograde
memory performance [21]. Multiple COX-2-selective and nonselective inhibitors including
aspirin, celecoxib, etoricoxib, indomethacin, nimesulide, NS398, parecoxib (valdecoxib),
rofecoxib, SC58236, SC58125 (Figure 1), have been evaluated for antiepileptic and
antiepileptogenic effects, neuroprotection, and improvements in behavioral and cognitive
abnormalities in chemoconvulsant or electrical models of acute seizures and epilepsy (Table
1) [9, 19, 20, 22-37].

Interestingly, it appears that treatment with these COX-2 inhibitors beginning after — but not
before — SE onset usually shows beneficial effects including reductions in neuronal damage,
recurrent seizures and behavior abnormalities (Table 1). The inadequate therapeutic
outcomes from preadministration of COX-2 inhibitors in animal SE models have been
known for nearly two decades [22]. For instance, treatment by NS398, the first documented
small molecule that selectively inhibits COX-2, beginning five hours after but not 30
minutes before kainate injection is neuroprotective in rats [20]. Similarly, celecoxib, the first
COX-2 selective inhibitor to reach market, when administered once daily (6 mg/kg, i.p.) for
five days after but not before kainate injection in rats, significantly attenuates brain-derived
neurotrophic factor (BDNF) induction in hippocampus and reduces the learning and object
exploration deficits in Morris water maze task [26]. In another study, oral administration of
celecoxib (20 mg/kg) one day after a one-hour episode of lithium/pilocarpine-induced SE in
rats reduces spontaneous recurrent seizures, and prevents neuronal death and microglia
activation in the hippocampus [27]. Furthermore, nonselective COX inhibitor aspirin, when
administered commencing hours after pilocarpine-induced SE, reduces neuronal damage in
hippocampus and recurrent seizures in rats [23], whereas aspirin pre-treatment beginning
three days before pilocarpine injection does not show such beneficial effects but increases
the seizure susceptibility in mice [24].

These seemingly conflicting outcomes by pre- and post-treatment of COX-2 inhibitors
suggest a possible dual consequence of COX-2 induction — early neuroprotection and later
neurotoxicity involving persistent inflammation following brain insults. This is also evident
by a trend of aggregating hippocampal injury detected one day after pilocarpine-induced SE
in mice with COX-2 deficiency in forebrain neurons, but a substantial neuroprotection
measured three days later [16]. In addition, the dosage, dosing interval, dosing duration, as
well as the pharmacodynamics and pharmacokinetics of test compounds such as off-target
activities and in vivo half-life could also potentially influence the therapeutic outcomes.
Whether antiepileptic drugs (AEDs) are used to terminate seizures along with COX-2
inhibition in these animal studies is another potential contributory factor to the incongruent
results [31, 32, 36, 37], in that long duration of SE — up to 10 hours in some cases — might
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impede the outcomes of COX-2 inhibition (Table 1). Nonetheless, the dichotomous actions
of seizure-promoted COX-2 induction suggest that identifying the therapeutic time window
and optimizing the treatment paradigm might help resolve the inconsistent efficacy of
COX-2 inhibition in these animal models [17, 38].

Other than the desired inhibition on the synthesis of PGE,, the prostaglandin type that is
largely responsible for COX-2 cascade-governed inflammation, COX-2 inhibition also
causes collateral suppression of endothelial COX-2-derived PGl5, imposing vascular risks
that discourage the clinical use of COX-2 inhibitors [39]. As such, rofecoxib (Vioxx®) and
valdecoxib (Bextra®) were withdrawn from the USA market in 2004 and 2005, respectively,
while celecoxib (Celebrex® or Onsenal®) that is less COX-2 selective is still available to
treat chronic conditions such as arthritis, pain and polyps, but with a black box warning for
cardiovascular hazard. However, short-term and low-dose medication with selective COX-2
inhibitors is overall safe, evident by their negligible effects in control animals, and could be
considered to treat seizure-promoted neuronal injury [40]. Nonetheless, the safety concerns
raised on COX-2 inhibitors inspire that targeting a specific downstream prostaglandin
synthase or receptor might offer an alternative strategy to control neuroinflammation and
neuronal injury associated with seizures and epilepsy.

Prostaglandin Receptor Antagonists

As a major COX-2 product in the CNS, PGE; is now widely recognized for its crucial roles
in neuroinflammation, neuronal hyperexcitability and excitotoxicity, via promoting local
vasodilation, infiltration of immune cells, and upregulation of many proinflammatory
mediators in the inflamed brain regions (Figure 2A) [40, 41]. Interestingly, the
anticonvulsant action of COX-2 inhibitor celecoxib in pentylenetetrazol-induced seizures
can be reversed by intracerebroventricular administration of PGE, [28], suggesting that
COX-2 facilitates seizures through PGE,. Conversely, another prostaglandin type PGD5 has
been demonstrated to show antiepileptic effect via the DP1 receptor after pentylenetetrazol
administration in both rats and mice [42, 43]. Likewise, intracisternal administration of
PGF,, reduces seizure intensity and mortality after kainate injection in mice [44].
Therefore, targeting specific PGE; receptors instead of COX-2 enzyme itself could avoid
compromising the PGD,- or PGF,,-mediated anti-seizure effects.

PGE; acts on four G protein-coupled receptors (GPCRs), namely EP1, EP2, EP3 and EP4
(Figure 2A). Over the past decade, studies have demonstrated that genetic ablation or
pharmacological inhibition of G,4-coupled EP1 receptor is neuroprotective following
experimental ischemic injuries [45—-48]. These results from ischemia models suggest that the
EP1 receptor might contribute to PGE,-mediated neurotoxicity. In addition, EP1 receptor
activation plays an important role in the BBB impairment following ischemic strokes [49]. A
recent study revealed that global ablation of EP1 receptor reduces seizure threshold,
neuronal damage and proinflammatory responses in hippocampus after kainate injection in
mice [50]. Furthermore, the EP1-selective antagonist SC-51089 (Figure 2B) can abolish the
seizure-induced upregulation of the BBB efflux transporter P-glycoprotein following
pilocarpine-induced SE in rats, suggesting that EP1 receptor antagonism by small molecules
might facilitate the access and efficacy of therapeutic agents such as phenytoin via restoring
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the BBB integrity [51]. Systemic pre-treatment with SC-51089 only moderately decreases
the seizure severity without affecting the seizure threshold in amygdala-kindled mice [25],
indicating that the EP1 antagonist alone may not afford sufficient anti-seizure effects.

PGE, via the G,s-coupled EP2 receptor at basal level mediates some normal physiological
function; however, mounting evidence provides strong support for a link between the EP2
receptor activation and the secondary neurotoxicity in models of chronic inflammation and
neurodegeneration (Figure 2A) [41, 52-54]. Thus, selective EP2 antagonism by small
molecules has been proposed to prevent COX-2 cascade-governed pathogenesis in the CNS.
A number of potent and selective antagonists for EP2 receptor have been developed in the
past few years (Figure 2C) [52, 55]. For instance, compound TG4-155, an EP2-competitive
antagonist identified by high-throughput screening (HTS), shows a Schild Kg of 2.4 nM on
human EP2 receptor and good selectivity against other prostanoid receptors with a plasma
half-life of 0.6 hour and a brain-to-plasma ratio of 0.3 in mice [56, 57]. TG4-155 attenuates
the induction of COX-2 and other proinflammatory mediators caused by EP2 receptor
activation in rat microglia [53, 56]. Intraperitoneal administration of TG4-155 (5 mg/kg) in
mice one hour and again 12 hours after termination of pilocarpine-induced SE reduces
neuronal injury in the hippocampus [56]. Another EP2 antagonist, TG6-10-1, was created by
introducing a trifluoromethyl group in the methylindol ring of TG4-155, aiming to improve
its pharmacokinetics (Figure 2C) [58]. This chemical modification indeed substantially
improves its plasma half-life to 1.6 hours and the brain-to-plasma ratio to 1.6 in mice
without markedly compromising the potency and selectivity [56, 57, 59], enabling TG6-10-1
suitable for more extensive /in vivotesting. Systemic administration of TG6-10-1 (5 mg/kg,
i.p.) beginning two to four hours, but not one or 21 hours, after pilocarpine SE onset in mice
reduces delayed mortality, accelerates recovery from weight loss and functional loss,
prevents the BBB impairment, and reduces neuroinflammation and neuronal injury in the
hippocampus [17, 59]. These studies also uncover a therapeutic time window for using
TG6-10-1 to suppress seizure provoked-neuroinflammation that coincides with the time-
course of COX-2 induction, taking into account the compound pharmacokinetics [38].
Furthermore, administration of TG6-10-1 is also neuroprotective and accelerates functional
recovery in rats following SE induced by acute exposure to diisopropy! fluorophosphate
(DFP), an analog of nerve agent sarin [60]. Intriguingly, treatment with TG6-10-1 doesn’t
modify seizures acutely [59, 60], suggesting that these benefits from EP2 inhibition after SE
are not caused from a direct anticonvulsant effect, rather likely derive from an anti-
inflammatory action. To move these EP2 antagonists toward clinical studies, future efforts in
medicinal chemistry and drug formulation are required to further improve their /n vivo half-
time without affecting their desirable potency, selectivity and brain-to-plasma ratio [61-63].

Whether these EP1 and EP2 receptor antagonists have effect on chronic epilepsy or
cognitive deficit after SE awaits further investigation with long-term electroencephalogram
(EEG) recording. Nonetheless, these preclinical studies suggest that PGE signaling
pathways via EP1 and EP2 receptors are critically involved in neuroinflammation and
neurodegeneration after seizures, and point to EP1 and/or EP2 antagonism as a possible
adjunctive therapeutics — for the well-documented neuroprotection — to treat SE, along with
the current first-line AED therapies [11]. Other prostaglandin receptors such as EP3, EP4

Trends Pharmacol Sci. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dey et al.

Page 7

and FP also contribute to inflammation in both the periphery and the brain (Figure 2A) [64—
66]. Whether the activation of these receptors is proconvulsant as well remains unknown.

IL-1B Synthesis Inhibitors and Receptor Antagonists

Proinflammatory cytokines such as interleukin-1p (IL-1pB), IL-6 and tumor necrosis factor-a
(TNF-a) normally express at low basal levels in the brain and are rapidly upregulated in
response to acute brain insults like seizures. Elevated expression of IL-1, its receptor type 1
(IL-1R1), as well as its biosynthetic enzyme — caspase-1/interleukin converting enzyme
(ICE) have been reported in both glia and neurons in human epilepsy foci from
pharmacoresistant forms of symptomatic epilepsies and in experimental models of seizures
and epilepsy [67-70]. Pharmacological and genetic interventions in animal models showed
that this cytokine contributes to pathophysiology of epilepsy in multiple ways: i). increases
neuronal hyperexcitability via blocking astrocyte-mediated reuptake of glutamate from the
synaptic space [71]; ii). enhances NMDA receptor function through activation of Src
tyrosine kinases and subsequent NR2A/B subunit phosphorylation [72]; iii). alters
GABAergic neurotransmission [73]; iv). modulates voltage-gated ion channels and
contributes to channelopathies [74]. In addition, Caspase-1 activation has been recently
demonstrated to promote the secretion of high-mobility group box 1 (HMGB1) [75], a
proinflammatory molecule also implicated in seizure generation [76-78]. Intrahippocampal
administration of IL-1 receptor antagonist (IL-1RA) or its overexpression in astrocytes
inhibits behavioral and electrographic seizures triggered by injection of kainate or
bicuculline, or electrical stimulation of the hippocampus in mice [79, 80]. In addition,
intravenous administration of IL-1RA reduces SE onset and the BBB disruption in rat
lithium/pilocarpine model of SE [81]. Moreover, IL-1RA also reduces the augmentation of
epileptogenesis enhanced by lipopolysaccharide (LPS) — a classical inducer of immune and
inflammatory responses [82], suggesting that blocking IL-1p signaling might prevent SE and
chronic epilepsy.

HMR 3480/VRT-18858 and VRT-043198 are selective inhibitors of caspase-1/ICE that
cleaves IL-1p precursor (pro-IL-1p) into active mature IL-1p (Figure 3) [83]. In the
periphery, VX-740 (pralnacasan) — a pro-drug of HMR 3480/VVRT-18858 — can reduce joint
damage in two mouse models of osteoarthritis [84], and attenuate dextran sulfate sodium-
induced colitis and T helper 1 T-Cell activation in mice [85]. Pro-drug VX-765 can be
efficiently converted to VRT-043198 when administered systemically to mice and inhibits
LPS-induced IL-1p secretion. VX-765 also reduces disease severity of rheumatoid arthritis
in mice and cytokine secretion in a mouse model of skin inflammation [86]. These studies
on peripheral inflammation in mice suggest that inhibition of IL-1p synthesis is sufficient to
block excessive inflammatory processes. In the CNS, treatment with VX-765 (50 mg/kg,
i.p.) decreases chronic stress-induced depressive symptom in mice with reduced serum and
hippocampal IL-1p levels [87]. Interestingly, administration of VX-740 (50 pg, i.c.v.) or
VX-765 (25-200 mg/kg, i.p.) decreases seizure-induced IL-1p production in the
hippocampus, delays SE onset, and reduces seizure duration in rats with intrahippocampal
injection of kainate. These beneficial effects are associated with caspase-1 inhibition and
blockade of IL-1f biosynthesis in the brain, and recapitulated in mice that lack caspase-1
[88]. In addition, caspase-1 inhibition by VX-765 (200 mg/kg, i.p.) suppresses
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epileptogenesis in rat hippocampal kindling model by blocking astrocytic IL-1p production
[89]. Furthermore, systemic administration of VVX-765 shows powerful anticonvulsant
activity on acute seizures and in chronic epileptic mice that are refractory to conventional
AEDs in a dose-dependent manner [90]. These results taken together strongly support that
pharmacological inhibition of caspase-1 by selective small molecules represents a possible
therapeutic strategy to suppress acute seizures and the development of epilepsy [13].

TGF-B Signaling Inhibitors

Transforming growth factor-p (TGF-) is a multifunctional cytokine that mediates essential
roles in cell proliferation and differentiation, apoptosis, embryogenesis and inflammatory
responses [91]. TGF-p dimers first activate a type Il receptor (TBRII), which in turn
phosphorylates a type | receptor (TBRI) or activin-like kinase 5 (ALKS5). The
phosphorylated ALKS5 then activates the intracellular SMAD protein complexes and multiple
mitogen-activated protein kinase (MAPK) pathways to regulate a wide range of downstream
signaling pathways [91, 92]. In addition, ALK5-dependent TGF-p signaling can regulate the
late stages of adult hippocampal neurogenesis, suggestive of its involvement in neurogenesis
during aging and disease [93]. Recent studies provide evidence that TGF- signaling is
involved in epileptogenesis after brain injury associated with the BBB destruction [94].
Shortly after the BBB function is compromised, albumin begins to enter the brain’s
extracellular space [95], and induces activation of TGF-p signaling in astrocytes, causing
astrocytic activation, impaired potassium buffering and glutamate metabolism, upregulation
of proinflammatory cytokines, and synaptogenesis that eventually result in increased
neuronal excitability and spontaneous seizures [96-98]. Moreover, activation of the
astrocytic TGF-B/ALKS pathway by the intracerebroventricular infusion of albumin induces
excitatory — but not inhibitory —synaptogenesis prior to the appearance of spontaneous
seizures. Interestingly, the albumin-initiated synaptogenesis and seizures can be abolished by
SIN2511 (RepSox) (i.c.v.), a potent and selective TGF-B/ALKS5 inhibitor (Figure 4) [99]. In
addition, albumin-induced TGF-B upregulation and associated SMAD2/3 phosphorylation
are blocked by the ALKS5 antagonists —SIN2511 or SB431542 (Figure 4) [100].
Furthermore, losartan (Figure 4), a USA FDA-approved small-molecule antagonist for
angiotensin |1 receptor type 1 (ATq) that has been reported to block the peripheral TGF-p
signaling, can effectively suppress albumin-induced TGF- activation in the brain and
prevent the subsequent spontaneous seizures [100]. These results reinforce the notion that
targeting TGF-p signaling is a feasible strategy for disease modification and prevention of

epilepsy.

NOX2 Inhibitors

Oxidative stress in the brain is caused by the imbalance between the generation and
detoxification of reactive oxygen and nitrogen species (ROS/RNS) that attack brain cells and
thus play important roles in brain inflammation, aging and degeneration [101]. Activated
NADPH oxidases (NOXs) — a family including NOX1, NOX2, NOX3, NOX4, NOX5, dual
oxidase 1 (DUOX1) and DUOX2 - are a primary source of ROS via transporting electrons
from intracellular NADPH, across biological membrane, and then to extracellular oxygen,
generating superoxide [102, 103]. Among these seven isozymes, NOX2 is the prototype
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form and plays central roles in neuroinflammation, neurodegeneration and associated
functional deficits in neurological conditions such as spinal cord injury [104], Parkinson’s
disease [105, 106], Alzheimer’s disease (AD) [107], amyotrophic lateral sclerosis [108],
multiple sclerosis [109], and epilepsy [110].

Evidence suggests that seizure-induced neuronal damage in the hippocampus is associated
with ROS induction after pilocarpine injection in rats, characterized by a decrease in reduced
glutathione level and increases in nitrite content and lipid peroxidation [111]. Likewise,
kainate-induced SE in rats results in a time-dependent translocation of NOX subunits
(gp91Phox pa7PhoX nE7PNOX and rac-1) from hippocampal cytosol to membrane where active
NOX complex is assembled. Interestingly, the seizure-induced NOX activation coincides
with microglial activation in the hippocampus [112]. Furthermore, ROS generated by NOX
contributes to neurodegeneration in pilocarpine-treated rats, which is substantially
suppressed by apocynin —a selective NOX2 inhibitor (Figure 5) [113]. In another study,
apocynin — when systemically administered at two and 24 hours after lithium/pilocarpine-
induced SE in rats — reduced seizure-induced ROS production, lipid peroxidation, BBB
disruption, neutrophil infiltration, microglial activation and neuronal death [114]. There thus
is a growing interest in NOX2 as therapeutic target for seizures and epilepsy. However,
apocynin and other historical NOX2 inhibitors including diphenyleneiodonium (DPI) are
often challenged for their off-target activities (Figure 5). For instance, apocynin shows
marked ROS scavenging activity and inhibition on rho kinases; DPI is a general inhibitor of
flavoproteins, e.g., xanthine oxidase and endothelial nitric oxide synthase (eNOS) [115].
Owing to recent advances in chemical biology and HTS, several new classes of small-
molecule NOX inhibitors with improved specificity have been identified [115-117].
However, whether these novel NOX2 inhibitors would show any antiepileptic or
antiepileptogenic effect in animal models requires investigation.

Other Potential Anti-Inflammatory Targets for Small Molecules

Lipoxygenase (LOX)

Similar to prostaglandins, leukotrienes produced by LOX from arachidonic acids are also
proinflammatory and increase microvascular permeability, therefore drugs that are able to
inhibit both COX and LOX are proposed to treat inflammation-associated conditions due to
their dual actions [118]. For instance, natural product flavonoids containing baicalin and
catechin show neuroprotection during kainate-induced excitotoxicity via reducing both
COX-2 and 5-LOX activities [119]. Likewise, licofelone (Figure 1), a dual COX/LOX small-
molecule inhibitor, which recently was approved as an effective treatment for osteoarthritis,
shows anticonvulsant effect in a mouse pentylenetetrazol seizure model [120].

Microsomal prostaglandin E synthase-1 (MPGES-1)

PGES is the enzyme that produces PGE, from PGHo, a precursor molecule directly
synthesized by COX, and has three isozymes: mPGES-1 (or PTGES), mPGES-2 (or
PTGES2) and cytosolic PGES (cPGES or PTGES3) (Figure 2A). Among these, mPGES-1 is
inducible, membrane-bound, and functionally linked to COX-2 in preference to COX-1 [40].
mPGES-1 promotes inflammatory and pain reactions via synthesis of PGE; in a disease
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model of human rheumatoid arthritis [121]. In the CNS, mPGES-1 is upregulated in
pyramidal neurons of AD human patients and transgenic mice [122-124], and contributes to
pathogenesis of AD [123, 124]. In addition, mPGES-1 exacerbates inflammation and
demyelination via disrupting the local vessel structure in a model of multiple sclerosis [125].
mPGES-1 is also robustly induced in mice following pilocarpine-induced seizures and
aggravates neuronal loss induced by kainate, suggesting that mPGES-1 is involved in
seizure-triggered pathogenesis [17, 126, 127]. mPGES-1 also has been shown to exacerbate
epileptic seizures and hippocampal gliosis in mouse pentylenetetrazol seizure model [128].
The first clinical trial with the mPGES-1 inhibitor LY 3023703 (structure not disclosed) by
Eli Lilly and Company (https://clinicaltrials.gov/show/NCT01872910) reveals more potent
inhibition of PGE, synthesis than COX-2 inhibitor celecoxib without decreasing PGl levels
in the blood [129]. Thus, blockade of mMPGES-1 by small molecules should be explored as
an anti-inflammatory therapy for epilepsy in the future [128, 130].

Toll-like receptor 4 (TLR4)

TNF-a

Toll-like receptors (TLRs) have significant homology in the cytosolic region to the IL-1R
family and, thus shares partly overlapping signaling molecules with IL-1p/IL-1R [131].
Among TLR family members, TLR4 is the LPS sensing receptor and a crucial component of
innate immunity. TLR4 can be activated by HMGB1, an endogenous danger signal protein
released by immune cells or by neurons and glia in the CNS in response to cell damage or
neuronal hyperexcitability. Interestingly, both HMGB1 and TLR4 are upregulated in brain
specimens from epilepsy patients and in brain tissues from animals with chronic seizures [3,
132]. HMGB1, particularly the active disulfide form, enhances NMDA receptor function and
excitotoxicity, as well as exacerbates kainate-induced seizures by activating TLR4 in
hippocampal neurons [76, 78]. On the other hand, HMGB1 also activates the receptor for
advanced glycation end products (RAGE), contributing to hyperexcitability and proictogenic
effects that are TLR4-independent [77]. Antagonism of HMGB1/TLR4 signaling by pseudo-
peptide BOX A or LPS-RS — an inactive LPS from photosynthetic bacterium Rhodobacter
sphaeroides — reduces initial and chronic seizures. Moreover, TLR4 knockout mice show
resistance to kainate-induced seizures [76]. Intriguingly, TLR4 has been reported to
upregulate COX-2 expression via activation of the immune and inflammatory transcription
factor — nuclear factor-xB (NF-xB) in several models of inflammation and injury [133-135].
Therefore, the HMGB1/TLR4 signaling has been proposed as antiepileptic and
antiepileptogenic target [13, 136]. However, LPS-RS has poor pharmacokinetics, e.g., low
brain penetration. Another LPS-mimicking antagonist eritoran recently failed in a
multinational Phase 111 clinical trial for severe sepsis (https://clinicaltrials.gov/show/
NCT00334828). As an alternative strategy, small-molecule inhibitors (e.g., TAK-242) that
target TLR4 have been developed. However, test of these novel TLR4 antagonists in animal
models of acute seizures or epilepsy has not been reported to date.

TNF-a is a crucial proinflammatory cytokine that belongs to the TNF superfamily of
ligands, which are involved in the activation, differentiation, proliferation and infiltration of
immune cells into the CNS during systemic inflammation [137]. Systemic administration of
TNF-a 24 hours after amygdala kindling in rats facilitates the behavioral seizures and
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increases the epileptiform discharges, while the electrical stimulation in turn significantly
enhances TNF-a levels in both blood and the brain, suggesting a mutual facilitative
interaction between seizure and proinflammatory cytokines [138]. Intriguingly, it becomes
clear that TNF-a plays a dichotomous role in the pathophysiology of seizures and epilepsy —
pro-convulsive effect through TNF receptor type 1 (TNFR1 or p55) and anti-convulsive
effect via receptor 2 (TNFR2 or p75), depending on engaged cellular context [139-142].
Therefore, inhibition of TNFR1 and/or activation of TNFR2 represents a novel strategy to
treat neurological conditions including epilepsy [11, 13]. In fact, a PEGylated TNFR1-
selective antagonistic TNF mutant (PEG-R1antTNF) suppresses arterial inflammation [143],
whereas a specific TNFR2 agonist — TNC-scTNF(R2) can protect human dopaminergic
neurons from oxidative stress-induced cell death [144]. However, small molecules that
specifically modulate TNFR1 or TNFR2 with sufficient pharmacodynamics and
pharmacokinetics are not available.

IL-6 regulates inflammatory and immune responses through its receptor (IL6R or CD126)
that is coupled to gp130 (CD130). Like other prototypical proinflammatory cytokines such
as IL-1p and TNF-a, IL-6 signaling also can induce COX-2 to synthesize PGE, via
activating NF-xB transcriptional signaling [145-147]. IL-6 induction is widely observed in
epilepsy patients and in animal models of experimental epilepsy [3, 148]. Recent evidence in
the clinical setting and experimental models suggests active roles of IL-6 in seizure
generation and exacerbation [149]. For example, intranasal administration of recombinant
IL-6 one hour before systemic injection of pentylenetetrazol exacerbates the severity of
seizures in rats [150]. The proconvulsant action of IL-6 is also supported by extensive
studies on IL-6 deficient mice [151, 152] and IL-6 overexpressing mice [153], and is
presumably associated with a constitutive loss of inhibitory interneuron function [153].
Future efforts should be directed toward developing potent and selective small molecules
that target the synthesis of IL-6 or its downstream receptor IL6R, and evaluating their
antiepileptic and antiepileptogenic effects in animal models.

Concluding Remarks

Current anti-inflammatory therapies in epilepsy are limited to immunosuppressants such as
adrenocorticotropic hormone, immunoglobulin, plasmapheresis, monoclonal antibodies and
corticotropic steroid hormones [154, 155]. However these seldom-used treatments are
restrictively effective for some specific types of epilepsy, e.g., those associated with severe
encephalitis and autoimmune conditions, and their mechanism of action remains largely
unknown [3, 154, 155]. Identifying key proinflammatory mediators involved in epilepsy and
developing potent and brain-permeable small molecules that specifically modify their
inflammatory functions might lead to novel antiepileptic and antiepileptogenic therapies.
These efforts brought on a number of studies on pharmacological inhibition of several well-
recognized proinflammatory mediators by small molecules in animal models of acute
seizures and epilepsy with many on the way. Particularly, the involvement of several
prominent proinflammatory mediators — COX-2, PGE,, IL-1B, IL6, TNF-a, TGF-B, NOX2,
HMGB1 and TLR4 - in initial seizures and chronic epilepsy has been extensively studied,
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and their pathogenic roles in the epileptic brain are becoming clear. However, more studies
are imperative to determine whether any of small molecules targeting these proinflammatory
mediators could successfully evolve into clinical innovations (see Outstanding Questions).

OUTSTANDING QUESTIONS
Does inflammation in the brain cause epileptic seizures and vice versa?

What are the limitations of current immunosuppressants for epilepsy
treatment?

Why do current AEDs merely provide symptomatic relief rather than
disease prevention or modification?

What are the feasible anti-inflammatory targets for treatment of seizures
and epilepsy?

What are the current status and challenges for moving the experimental
discoveries about small molecule-mediated anti-inflammatory therapeutics
into a clinical setting?

What are the advantages of small molecules over the biological drugs for
anti-inflammatory therapeutics in epilepsy treatment?

Activation of the COX-2 and prostaglandin cascade induces proinflammatory cytokines
including IL-1p, IL-6 and TNF-a,, which in turn enhance COX-2 transcription engaging the
NF-xB pathway and, thus perpetuate inflammatory reactions in both periphery and brain
[145-147, 156]. COX-2 inhibition by small molecules could break this self-reinforcing
circle, thereby reducing chronic inflammation and subsequent sequelae (Figure 6). The
studies on several COX-2 inhibitors in rodent models of seizures and epilepsy yielded some
positive outcomes but discrepancy as well. Some COX-2 inhibitors, if not all, appear to
confer anticonvulsant effects and reduce neuronal injury developing after SE when
administered properly, although their moderate effects on behavioral and cognitive
alterations need to be further characterized. A Phase IV clinical trial had been conducted to
evaluate the antipyretic medication with a combination of selective and nonselective COX-2
inhibitors — diclofenac, paracetamol and ibuprofen — for preventing the recurrence of febrile
seizures from 1997 to 2005 (https://clinicaltrials.gov/show/NCT00568217). This combined
therapy failed to effectively prevent the recurrence of febrile seizures, nor did it reduce the
body temperature in patients that had a febrile episode prior to a recurrent seizure [157].
However, the highest recommended doses with the rectal route of administration used in this
study might have compromised the therapeutic outcomes because the high doses could
increase the drug off-target activities and the rapid effects from rectal administration might
impede the early benefits from COX-2 induction.

As a canonical marker of neuroinflammation, IL-1p is upregulated by seizures and initiates
NF-xB-dependent transcription of many proinflammatory genes including COX-2 and,
therefore contributes to subsequent chronic epilepsy. VX-765, a small molecule that
selectively blocks IL-1p synthesis, shows promising therapeutic effects in several rodent
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models of chronic epilepsy. To evaluate its safety, tolerability and proof-of-concept clinical
activity, Vertex Pharmaceuticals initiated a randomized, placebo-controlled, double-blind
study of VX-765 that involved 60 people with refractory partial onset epilepsy in 2010
(https://clinicaltrials.gov/show/NCT01048255). The results from this Phase Il trial indicate a
beneficial effect from a four-week treatment with VVX-765 that occurred at the end of
treatment period and continued during the beginning of the observation period, suggestive of
a delayed mechanism of action from this compound [158]. This potential efficacy signal
encouraged a longer-duration study to evaluate any more robust or additional clinical activity
of VX-765. A larger Phase 11b trial therefore was launched in 2011 to further characterize
VX-765 for a longer treatment period (https://clinicaltrials.gov/show/NCT01501383).
Unfortunately, the trial was discontinued for administrative reasons. Nonetheless, VX-765 is
generally tolerable and safe, and future study is necessitated to determine its efficacy in
patients with refractory focal epilepsy [159]. As an alternative approach to the inhibition of
IL-1p synthesis, blocking IL-1R1 —the effector for the inflammatory actions of IL-1 — might
represent another anti-inflammatory strategy. For instance, a combined therapy with
anakinra — a recombinant IL-1RA — and VX-765 shows marked neuroprotection in both rat
lithium/pilocarpine and electrical SE models [160]. Likewise, anti-inflammatory drug
cocktail containing anakinra, COX-2 inhibitor CAY 10404 and caspase-1 expression
inhibitor minocycline shows neuroprotective and antiepileptogenic effects in rat pups
following lithium/pilocarpine SE [161]. However, current available therapies that directly
inhibit IL-1B/1L-1R1 signaling are limited to neutralizing antibodies or peptides, as small-
molecule antagonists targeting IL-1R1 complex are not available at present [162].

In sum, accumulating evidence from preclinical and clinical studies suggests that targeting
inflammatory signaling pathways represent a complementary approach for the current
symptomatic therapies — AEDs — to control initial and recurrent seizures, particularly in
epilepsy forms that are refractory to conventional treatments (Figure 6). The therapeutic
strategy by resolving the brain inflammation could increase the seizure threshold and reduce
the likelihood of spontaneous recurrent seizures, thereby providing disease prevention or
modification rather than only symptomatic relief [8, 11, 13]. However, translating the anti-
inflammatory strategies to clinical uses is challenging and necessitates extra caution partially
due to the complexity of inflammatory networks that are concurrently regulated by an array
of components and signals that often reinforce each other. Combined therapies targeting
multiple key proinflammatory molecules provide comprehensive suppression of
inflammatory networks and thus might lead to more consistent and promising therapeutic
outcomes (Figure 6) [119, 120, 160, 161]. Compared to biological drugs, brain-permeable
small molecules are more realistic candidate agents for this therapeutic strategy due to their
advantages in production, delivery and pharmacokinetics, and represent a future direction of
developing novel therapeutics for epilepsy. As these small-molecule compounds continue
growing, so too will our current understanding on chronic inflammatory processes in the
epileptic brain, which will help to identify common pathophysiological mechanisms in
different forms of epilepsy and ultimately lead to clinical innovations.
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TRENDS

Unresolved inflammation in the brain is a common feature in epilepsy, and
is primarily characterized by elevated proinflammatory mediators in
epileptogenic foci.

Blocking excessive inflammatory processes in the brain increases the
seizure threshold and reduces the likelihood of recurrent seizures, thereby
providing disease prevention or modification.

Anti-inflammatory therapeutics represent a complementary strategy to the
current symptomatic treatments.

Small molecules that specifically target the proinflammatory mediators are
realistic candidate agents for anti-inflammatory therapeutics owing to their
advantages in production, delivery and pharmacokinetics.
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Figure 1.

Chemical structures of small molecules that inhibit COX and have been tested in animal
models for antiepileptic and antiepileptogenic effects. The ICgs on COX-1 and COX-2 of
each compound are indicated. Note that licofelone is a dual COX/LOX inhibitor and
parecoxib is a pro-drug of valdecoxib.
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Figure 2.

COX-2 and inflammatory prostaglandin signaling pathways. (A) COX cascade mediates a
variety of physiological and pathological events via its prostanoid products. In response to
disparate stimuli, the membrane-bound arachidonic acid is freed and converted to unstable
intermediate PGH, by COX, which has two forms: constitutive COX-1 and inducible
COX-2. Short-lived PGHj is then quickly converted to five prostanoids, consisting of
prostaglandin PGDy, PGE», PGF,,, prostacyclin PGls,, and thromboxane TXA,, by tissue-
specific prostanoid synthases. Prostanoids exert their functions via activating a suite of
GPCRs. Four receptors — EP1, EP2, EP3 and EP4 — are activated by PGE,, and two by PGE,
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(DP1 and DP2), whereas each of the other three prostanoids activates a single receptor (FP,
IP, TP). The inflammatory prostaglandin signaling is mainly mediated by PGE, and its
receptors. Only the major pathways are shown. (B) Chemical structures of example small
molecules that selectively block prostaglandin PGE; receptor subtype EP2. The potency
(Schild Kg) and selectivity of each compound are indicated. (C) Chemical structures of
small molecules that selectively block EP1 receptor. The potency (Ki) and selectivity of each
compound are indicated. Abbreviations: COX, cyclooxygenase; GPCRs, G protein-coupled
receptors; PG, prostaglandin; PGES, prostaglandin E synthase.
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converted to VRT-18858 and VRT-043198, respectively, by plasma and liver esterases /n
vivo. The Kis of each compound on caspase-1 and other caspases are indicated.
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Figure 4.
Chemical structures of small molecules that suppress TGF-B1/ALKS5 signaling. SIN2511

and SB431542 are selective ALKS5 inhibitors. Losartan, a selective antagonist for AT1 can
downregulate TGF-B/ALKS5 signaling in both the periphery and the CNS. Abbreviations:
ALKS, activin-like kinase 5; AT1, angiotensin |1 receptor type 1.
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Chemical structures of classical NOX inhibitors apocynin and diphenyleneiodonium. Note

that both compounds have considerable off-target inhibitions. Recently developed

compounds like GSK2795039 with improved selectivity await to be tested in animal models
of seizures and epilepsy. Abbreviations: eNOS, endothelial nitric oxide synthase (NOS);

iNOS, inducible NOS; X0, xanthine oxidase.
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Figure 6.
Strategies of targeting inflammation to treat seizures and epilepsy. Inflammatory signaling

pathways are upregulated by initial brain insults such as prolonged seizures and are
proposed to contribute to the development of epilepsy. Only the major signaling pathways
are indicated. AEDs alone cannot terminate the vicious circle of chronic inflammatory
events that may lead to epileptogenesis. Small-molecule compounds that target the key
proinflammatory mediators or their downstream signaling molecules might represent novel
adjunctive strategies, along with AEDs and general anesthetics, to treat acute seizures and
chronic epilepsy. Similar to IL-1p, cytokines IL-6 and TNF-a also can induce COX-2 via
NF-xB and facilitate excitotoxicity; however, small molecules that target these two
proinflammatory mediators or their receptors are either not available or have not been tested
in animal models for antiepileptic or antiepileptogenic effect. Abbreviations: AEDs,
antiepileptic drugs; ALKS5, activin-like kinase 5; BBB, blood-brain barrier; cAMP, cyclic
AMP; COX, cyclooxygenase; Coxibs, COX-2 inhibitors; DPI, diphenyleneiodonium;
HMGBL, high-mobility group box 1 protein; IL-1p, interleukin-1p; IL-1R, IL-1 receptor
type 1; IL-6, interleukin-6; mMPGES-1, microsomal prostaglandin E synthase-1; NF-xB,
nuclear factor xB; NMDAR, A-methyl-D-aspartate (NMDA) receptor; NOX2, NADPH
oxidase 2; NSAIDs, nonsteroidal anti-inflammatory drugs; ROS/RNS, reactive oxygen and
nitrogen species; TGF-B1, transforming growth factor-B1; TLRA4, toll-like receptor 4; TNF-
a, tumor necrosis factor-a.
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