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Abstract

Febrile infection-related epilepsy syndrome (FIRES) is a rare epilepsy syndrome with unclear pathogenesis, character-
ized by fever-induced, super-refractory status epilepticus and high mortality. Studies have shown that ketogenic diet
(KD) is effective in controlling convulsions in FIRES, but its mechanisms are unclear. This paper intends to summarize

the mechanisms by which KD may exert effects against FIRES. Clinical studies have shown that patients with FIRES
have elevated levels of various inflammatory factors such as interleukin (IL)-6, IL-8, IL-10, and so on. KD may exert
anti-FIRES effects through several potential inflammatory pathways, including nuclear factor -kB (NF-kB) and NLR
family pyrin domain containing 3 (NLRP3). Furthermore, the Kyoto Encyclopedia of Genes and Genomes (KEGG)
network suggested that KD may play an anti-inflammatory role through several pathways such as cellular senescence
and neutrophil extracellular trap formation. These mechanisms need to be further investigated.
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Background

Febrile infection-related epilepsy syndrome (FIRES)
is categorized as a subtype of new onset refractory sta-
tus epilepticus (NORSE) according to the definition of
the International League Against Epilepsy (ILAE) [1].
Its mortality rate is as high as 10-30% [2, 3]. FIRES is a
rare disorder characterized by unknown etiology, lack of
specific biomarkers, and widespread drug resistance [2].
The ketogenic diet (KD) is a specialized dietary regimen
designed to maintain a continuous production of ketone
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bodies in the body through a ratio of high fat, moder-
ate protein and low carbohydrate [4]. This diet has been
widely used in the treatment of refractory epilepsy, espe-
cially in pediatric patients with significant efficacy [5].
Although KD has multiple biological pathways of action
[6], its specific mechanism of antiepileptic activity var-
ies depending on the etiology of the disease. The FIRES
Expert Consensus [7] and the KD Guidelines [8] recog-
nize the effectiveness of KD in the treatment of FIRES
and recommend it as a therapeutic tool. However, the
specific mechanisms by which KD acts in the treatment
of FIRES remain unknown. Several clinical studies have
shown that KD is effective in treating FIRES and that the
levels of several inflammatory factors, such as interleu-
kin (IL)-6, IL-8, and IL-10, are elevated in patients with
FIRES [9-12]. Meanwhile, KD may exert its anti-inflam-
matory effects through multiple pathways [13—16]. These
results suggest that inflammation may be the potential
mechanisms of action for KD against FIRES. An in-depth
investigation into the mechanisms of KD in treating
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FIRES is of critical importance to reduce the risk of mor-
tality and may provide an important scientific basis for
the clinical treatment of FIRES.

This paper aims to review evidence of inflammation in
FIRES and the anti-inflammatory mechanisms of KD to
access the possible mechanisms of KD may treat FIRES.

Inflammatory evidence in FIRES

Clinical studies

Clinical studies have shown a significant correlation
between systemic inflammatory states and persistent
convulsive states in patients in adult intensive care units
[17]. Inflammation is not only a potential cause of epi-
lepsy, but also indicators of inflammation may be associ-
ated with a variety of brain disorders, including epilepsy
[18, 19]. In addition, neuroinflammatory pathways have
been recognized as potential targets for epilepsy treat-
ment [20], and anti-inflammatory therapy can enhance
the efficacy of antiseizure medications [21]. A study of
patients with NORSE found elevated levels of cytokines
(e.g., IL-6, tumor necrosis factor alpha [TNF-a], IL-8,
C-C motif ligand 2 [CCL2], and macrophage inflamma-
tory protein 1 alpha [MIP-1a]) [22].

FIRES, a subtype of new onset refractory status epilep-
ticus (NORSE) [1], exhibits a range of clinical features
associated with inflammation, although the etiology is
not yet clear. Patients usually have a documented fever
24 h to 2 weeks prior to an attack, may present with a
persistent convulsive state that is widely resistant to con-
ventional antiseizure medications and sedatives, and may
even show resistance to anesthetic drugs. At the same
time, some patients are effectively treated with immu-
nosuppressive agents. The University of Cincinnati Col-
lege of Medicine reported a patient with ultra-refractory
persistent status epilepticus who experienced almost
complete relief of seizures after treatment with the IL-1
receptor antagonist and the IL-1p monoclonal antibody
[23]. A case report from Harvard Medical School also
found that IL-6 blockers were effective in the treatment
of FIRES [24]. Based on evidence from several studies,
including the 2022 FIRES Expert Consensus Recommen-
dations [7], IL-1 receptor antagonists and IL-6 blockers
have been included as effective second-line treatments
for FIRES. These findings suggest that there may be a cor-
relation between FIRES and inflammatory response.

Given the low prevalence of FIRES, current research
is dominated by case reports or small sample studies.
Although these studies have shown that patients with
FIRES may have elevated levels of a variety of inflam-
matory factors, the elevation of these inflammatory fac-
tors varies between studies. For example, in a study of
an 18-year-old male patient with FIRES, his cerebrospi-
nal fluid and serum cytokine assays showed significant
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elevations of inflammatory factors such as IL-6, IL-1,
monocyte chemotactic protein-1 (MCP-1), macrophage
inflammatory protein 1B (MIP-1f), and interferon
gamma (IFN-y), primarily in the central nervous system
[9]. In another study involving six patients with FIRES,
the levels of inflammatory factors such as Thl-related
cytokines/chemokines (e.g., TNF-«, IL-9, IL-10, IL-11,
IL-6, CCL2, CCL19, and IL-1) were significantly elevated
[10]. In addition, a study of six patients with FIRES in the
acute phase and one patient with FIRES in the chronic
phase also noted significantly elevated levels of inflam-
matory factors such as IL-6, IL-8, IL-1p, IL-10, IL-9, and
IEN-y [11]. In a patient from Minnesota, serum tests
showed elevated levels of inflammatory factors such as
IL-6, IL-8, high mobility group protein 1 (HMGB1), and
$100 calcium-binding protein A8/A9 (S100A8/A9), while
elevated levels of IL-6 were detected in his cerebrospi-
nal fluid [12]. In pediatric patients with FIRES, periph-
eral blood mononuclear cells and monocyte-derived
dendritic cells exhibit impaired Toll-like receptor (TLR)
responses, including responses to TLR3, TLR4, TLR7/8,
and TLR9 [25].

Laboratory studies

Due to the lack of FIRES-specific animal models, there is
a scarcity of laboratory research on FIRES, and no FIRES-
related inflammatory pathways have been reported for
the time being. As one of the epilepsy syndromes, FIRES
is likely to share potential inflammatory pathways with
epilepsy. Therefore, we reviewed the inflammatory mech-
anisms of epilepsy.

Epilepsy upregulates inflammatory signaling pathways

Seizures are closely linked to the activation of multiple
inflammatory pathways. It has been shown that inhibi-
tion of these associated pathways effectively reduces sei-
zures, which has been consistently confirmed in multiple
experimental epilepsy models [26]. Two studies using rat
models of amygdala-ignited epilepsy found that inflam-
mation was upregulated during epileptogenesis primar-
ily through the NLR family pyrin domain containing
(NLRP)1, NLRP3, caspase 1 and IL-13 pathways [27,
28]. Two studies in the pentetrazol model confirmed
that inflammation was upregulated mainly through the
NLRP3, caspase 1, apoptosis-associated speck-like pro-
tein with a caspase-recruitment domain (ASC) and IL-1p
pathways [29, 30]. In the kainic acid epilepsy mouse
model, the results of the three studies collectively point
to the signaling pathways of NLRP1, NLRP3, absent in
melanoma 2 (AIM2), caspase 1, and ASC playing a key
role in the activation of inflammation during epilepsy
[31-33]. In a mouse model of pilocarpine-induced epi-
lepsy, four studies consistently show that inflammation is
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enhanced through NLRP3, caspase 1, ASC, gasdermin D,
IL-1B, and IL-18 pathways [34—37]. Brain tissue studies
in patients with temporal lobe epilepsy (TLE) have also
found that signaling pathways such as NLRP1, NLRP3,
caspase 1, ASC and IL-1f play an important role in the
enhancement of inflammation [37, 38].

Inflammasomes deteriorate epilepsy

The important role of inflammasomes as characteris-
tic markers of epileptic susceptibility has been demon-
strated in several experimental models. For example, in
the rodent model of TLE induced by amygdala ignition
[27], the epilepsy model applying the excitatory neuro-
transmitter agonists kainic acid [33] and pilocarpine [36],
and the model involving inhibition of inhibitory neuro-
transmitters using pentylenetetrazole [29]. Furthermore,
it has been found that activation of the NLRP1, NLRP3,
or AIM2 inflammasomes leads to the worsening of epi-
leptic seizures [31, 32, 34]. In particular, seizures were
effectively controlled by decreasing the levels of AIM2
and NLRP3 and NLRP1 in a mouse model of kainic acid-
induced epilepsy [32]. In addition, indirect targeting
therapy against NLRP3 has obtained similar results in
rodent models. In a mouse model of pilocarpine-induced
epilepsy, activation of the transcriptional repressor Rev-
erbalpha decreased NLRP3 expression in the brain,
reduced NLRP3-mediated inflammatory vesicle activa-
tion, and inhibited astrocyte proliferation and neuronal
death [37]. Similarly, in this model, inhibition of NLRP3
using MCC950 reduces levels of NLRP3, ASC and cas-
pase 1 in the brain [35]. In the amygdala-ignited rat epi-
lepsy model, knockdown of NLRPI, NLRP3 and Caspase
1 genes by using siRNA technology also reduced epileptic
activity [27, 28]. The deubiquitinase USP47, which specif-
ically inhibits NLRP3 activation, was also able to inhibit
NLRP3 activation, thereby ameliorating seizures in rats
[36].

Calcium ion

A large body of research evidence suggests that the acti-
vation of NLRP3 in epilepsy models is closely related to
the inward flow of calcium ion. A study in a mouse model
of cerebral hemorrhage found that the activation of tran-
sient receptor potential channel subfamily V member 4
(TRPV4) channels increased intracellular calcium ion
concentration and further induced the release of endo-
plasmic reticulum stress markers [39]. In addition, a
mouse model induced by pilocarpine verified the corre-
lation between elevated intracerebral calcium ion levels
and increased levels of inflammasomes components [37].
In the same model, blockade of TRPV4 channels using
HC-067047 was effective in inhibiting calcium ion inward
flow and attenuating inflammatory vesicle activation [34].
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On the other hand, in a mouse model of kainic acid-
induced epilepsy, treatment with JNJ-47965567 to inhibit
the calcium-sodium ion channel P2X7 receptor has also
been shown to attenuate seizures [40].

STNFr2

Soluble tumor necrosis factor receptor 2 (sTNFr2) is
one of the soluble members of the TNFa receptor fam-
ily, and is regarded as a potent circulating marker reflect-
ing TNFa activity due to its high stability [41]. TNFa is
a peptide cytokine secreted by monocytes, macrophages
and T lymphocytes, and is primarily responsible for
immunomodulation [42]. sSTNFr2 is an important bio-
marker for assessing TNFa activity. Clinical studies have
demonstrated that plasma levels of sSTNFr2 correlate with
seizure frequency and are effective in differentiating epi-
leptic from non-epileptic patients [19].

However, it is noteworthy that the upregulation of
inflammatory markers observed in rodent models of
epilepsy is not consistent with findings in patients with
TLE. Studies in mice have revealed that diet plays a key
role in modulating inflammasome activation in epilepsy
models. In particular, in PTZ-induced or kainic acid-
induced mouse models of epilepsy, the addition of the
omega-3 fatty acids (such as docosapentaenoic acid and
docosahexaenoic acid) to the diet was able to inhibit the
binding of ASCs to NLRP3 and reduce the production of
IL-1p, which effectively protects the mice from the effects
of epilepsy [29, 33]. Numerous studies have also found
that the high activation of NLRP3 and NLRP1 inflamma-
tory vesicles in the brain and blood of epileptic patients
leads to significantly elevated levels of ASC, caspase 1
and IL-1pB [43-45]. Additionally, it has been shown that
lesion-associated epilepsy causes further activation of
inflammasomes through the HMGB1/TLR4 and IL-1pB/
IL-1R1 signaling pathways [45]. However, when brain
tissue from TLE patients was studied, it was found that
there were no significantly elevated levels of NLRP3, cas-
pase 1 or IL-1f [31].

Anti-inflammatory mechanisms of KD

Inhibition of the NLRP3 signaling pathway

It has been hypothesized that microglia are closely asso-
ciated with sterile neuroinflammation and that hyper-
activation of the NLRP3 inflammasome/IL-1 axis in
microglia generates a pro-inflammatory and pro-con-
vulsant endo-environment, which contributes to the ini-
tiation of FIRES [46]. In a study of human focal epilepsy,
investigators found an increased number of NLRP3-
expressing CD3% and CD14% cells in peripheral blood
mononuclear cells from epilepsy patients [47]. Given that
FIRES is a special type of epilepsy characterized by mul-
tifocal focal seizures with unknown etiology, in addition
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to the inflammatory features described above, it can be
determined that NLRP3 inflammasome may be associ-
ated with the development of FIRES. And previous stud-
ies have found that KD treatment has an anti-NLRP3
inflammasome effect [13]. Whether KD exerts an anti-
FIRES effect by acting on NLRP3 inflammasome needs to
be further investigated.

Activation of NLRP3 inflammatory vesicles can
increase the release of pro-inflammatory cytokines.
In a clinical trial in healthy subjects, it was found that
3-day short-term KD significantly reduced interleukin
1 beta (IL-1p) and TNF-a secretion induced by adeno-
sine triphosphate or palmitate stimulation in human
macrophages, and that beta-hydroxybutyric acid (BHB),
the main product of KD, could exert anti-inflammatory
effects by inhibiting the activation of the NLRP3 inflam-
matory vesicle and its associated signaling pathway [13].
In addition, in an in vitro model of glioma cells, BHB
was shown to reduce the levels of activated cysteine
aspartate-specific protease 1 and mature IL-1(, which in
turn inhibited the migration of C6 glioma cells in vitro
and the activation of NLRP3 inflammasomes, thereby
reducing the inflammatory microenvironment and the
inflammatory response [14]. Aside from direct effects on
inflammatory vesicles, studies of adipose tissue-resident
immune cells in mice revealed that KD expanded meta-
bolically protective y& T cells with anti-inflammatory
properties, further exerting anti-inflammatory effects
[15]. In a rat model of ulcerative colitis, KD was found to
exert antioxidant effects by reducing reactive oxygen spe-
cies production and improving the activity of antioxidant
enzymes [16]. From mRNA and protein expression analy-
ses, the KD therapy was found to exert anti-inflammatory
effects by inhibiting the activation of NLRP3 inflamma-
tory vesicles, reducing NLRP3/NGSDMD-mediated cel-
lular pyroptosis, and lowering the levels of inflammatory
markers, including myeloperoxidase, nuclear factor-«xB
(NE-kB), IL-6, and TNF-a [16].

Anti-NF-kB signaling pathway
Abnormal formation of neural circuits and altered neu-
roplasticity are the main causes of epilepsy [48, 49],
and NF-«B may play a key role in the inflammatory
response of the nervous system [6]. The NF-«B signal-
ing pathway, a typical pro-inflammatory response path-
way, is involved in the regulation of altered plasticity of
neural circuits through various mechanisms, including
but not limited to neuronal survival and axon growth
[50], synaptic plasticity [51], and myelin formation [52].
In a study of two types of human epilepsy, investiga-
tors found an increased number of NF-kB-expressing
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CD14" peripheral blood mononuclear cells in patients
of focal epilepsy, NF-kB mRNA expression levels were
elevated, and serum levels of IL-1p and IL-6 were also
increased in patients of unknown etiology [47].

Clinical studies suggest that KD may exert anti-
inflammatory effects by inhibiting NF-kB expression
[53, 54]. A case report from Harvard Medical School
described a patient who did not respond to KD and IL-1
receptor antagonist therapy, but subsequently achieved
significant results with IL-6 blockers [24]. The efficacy
of IL-6 blocker therapy has also been demonstrated in
two patients (one pediatric and one adult) in France
[55] and in a case report of an 18-year-old patient with
FIRES in Singapore [9], all of whom received KD ther-
apy. Whether KD therapy exerts an anti-inflammatory
effect through the IL-6-NF-«kB signaling pathway needs
to be further investigated in the future.

In a study comparing TLE with focal epilepsy of
unknown cause, the IL-6-NF-kB signaling pathway
was found to be activated in patients with TLE [47].
The features of focal epilepsy and status epilepticus
also coincides with those of patients with FIRES. Fur-
thermore, despite the lack of consistency in the vari-
ous cytokines detected in FIRES patients, they are all
downstream products of the NF-kB signaling pathway
[9-12, 25]. Thus, the NF-kB pathway may be a potential
mechanism of action of KD in the fight against FIRES.

KD may exert anti-inflammatory effects by inhibit-
ing NF-«B activation. In a rat inflammation model, the
KD therapy was found to directly inhibit the activa-
tion of NF-«kB to attenuate the inflammatory response,
as well as further attenuate the inflammatory response
by decreasing the level of TNF-« in the hippocampus
region and decreasing the translocation of NF-«xB to
the nucleus [6]. In addition, BHB produced by KD was
found to activate peroxisome proliferator-activated
receptor y and inhibit the cyclooxygenase-2-dependent
pathway in a mice model of alginate-induced epilepsy,
thereby suppressing the neuroinflammatory response
[56]. Meanwhile, in a rat model of spinal cord injury,
KD was also found to inhibit the NF-«B signaling path-
way through activation of Nrf2, further attenuating the
inflammatory response [57]. In an obese rat model, KD
was able to improve the abnormal metabolism induced
by NF-kB overexpression in the hippocampus, includ-
ing the metabolic imbalance caused by citrate synthase
overactivation and ATP synthase downregulation [58].

Bilirubin, a potent endogenous anti-inflammatory
antioxidant, has significant anti-inflammatory effects
[59]. Bilirubin can freely cross the blood—brain barrier
and shares the NF-kB signaling pathway with dopa-
mine [60], exerting neuroprotective effects by lowering
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TNF-a levels [61]. The relationship among FIRES, KD,
and bilirubin need further investigation.

In a mouse model of multiple sclerosis with metaplastic
encephalomyelitis, the KD was found to attenuate neu-
roinflammation and promote the conversion of M1-type
microglia to M2-type by modulating the NF-kB/NLRP3
pathway and inhibiting the activation of histone dea-
cetylase 3 and P2X7 receptor [62]. Furthermore, these
findings are consistent with studies using engineered
nano-erythrocytes to modulate microglia polarization as
an anti-inflammatory target in the central nervous sys-
tem. Engineered nano-erythrocytes were able to promote
the transition of microglia from M1 to M2 type, which
in turn inhibited the translocation of NF-kB p65 and
exerted anti-inflammatory effects. This technique has
been demonstrated in models of middle cerebral artery
occlusion and experimental autoimmune encephalomy-
elitis [63].

Activation of the GRP109A signaling pathway

G protein-coupled receptor 109A (GPR109A) is a recep-
tor that exhibits a wide range of expression patterns in
many types of immune cells and plays an important role
in the anti-inflammatory process of various diseases [64].
KD may exert anti-inflammatory effects by activating the
GPR109A signaling pathway. Studies on microglia energy
metabolism have shown that KD inhibits histone dea-
cetylase activity in the central nervous system, activates
microglia GRP109A receptors, inhibits microglia over-
activation, and thus promotes a neuroprotective micro-
glia phenotype [65]. However, studies on mouse models
of inflammation have shown that BHB blocks NLRP3
inflammasome-mediated inflammatory disease, but this
effect is not directly linked to GPR109A function [66].
Therefore, the relevance of KD to the GRP109A signaling
pathway needs to be confirmed by further studies.

Inhibition of cytokine storm pathways

In studies targeting coronavirus disease 2019,
researchers have observed that KD has the ability to
inhibit and even prevent cytokine storms [67, 68]. In
addition, in a mouse model of inflammation, KD was
found to mitigate cytokine storms by promoting pro-
tective y0 T-cell responses as well as increasing the
expression of electron transport chain genes [69].
Gout-related studies have also found that KD effec-
tively reduces the levels of pro-inflammatory cytokines
such as IL-1 and TNF-a, exerting an anti-inflamma-
tory effect [70]. This mechanism of action has also
been demonstrated in obese female patients, where
KD significantly reduced IL-1 levels [71].
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Regulation of macrophage transformation pathways

Studies of microglia energy metabolism have shown
that KD therapy decreases glucose metabolism, which
in turn reduces the macrophage NADH/NAD™ ratio,
NF-«B transcriptional activity, and pro-inflammatory
gene expression [65]. In a mouse model of glioblas-
toma, KD was found to increase immunosuppressive
M2 macrophages by 50% and decrease pro-inflamma-
tory M1 macrophages by 50% [72]. Another research in
the mouse model of glioblastoma from the same insti-
tution showed similar findings, which were consistent
with the in vitro and in vivo results, demonstrating a
paradoxical 50% increase in immunosuppressive M2
macrophages (CD45TCD11b"F4/80TCD206") and a
concomitant decrease in pro-inflammatory M1 mac-
rophages (CD45*CD11bF4/80*CD80™) due to KD
[73]. In addition, in a stroke model, ketone bodies
were found to activate a neuroprotective phenotype
in macrophages by activating the macrophage ketone
receptor hydroxycarboxylic acid receptor 2, which
promotes cyclooxygenase 1 and hematopoietic pros-
taglandin D2 (PGD2) synthase-dependent produc-
tion of PGD2 [74]. In a prostate cancer model, ketone
bodies were also shown to act as endogenous histone
deacetylases (HDACs) inhibitors, significantly reduc-
ing M2-polarized immunosuppressive macrophages,
thereby exerting an anti-inflammatory effect [75].

Inhibition of HDACs signaling pathway

HDACSs are enzymes that regulate chromatin struc-
ture and accessibility. In models of Alzheimer’s dis-
ease, ketone bodies produced by KD have been found
to inhibit the activity of HDACsS, exerting anti-inflam-
matory effects [76]. Studies on mammalian stem cell
models have shown that KD enhances Notch signaling
pathway mainly by inhibiting HDAC, which in turn
promotes cell self-renewal, function and regeneration
after injury [77]. In a model of middle cerebral artery
occlusion and experimental autoimmune encephalomy-
elitis, microglia are an important target for anti-inflam-
matory therapy [63]. In a model of neuroinflammation
induced by lipopolysaccharides or chronic unpredict-
able stress, the inhibitory effect of KD on HDAC was
found to activate the protein kinase B-microGTPase
Rho axis, triggering changes in microglia and thus
producing an anti-inflammatory effect [78]. Addi-
tionally, KD, as an endogenous HDACI1 inhibitor, was
found to increase histone acetylation levels in neu-
rons and improve HDAC2 gene overexpression in a
mouse model of autism [79]. Studies in a rat model of
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spinal cord injury found that KD attenuated oxidative
stress through inhibition of HDAC1 and modulated
the expression of FOXO3a, NOX2 and NOX4 through
selective inhibition of HDAC1 or HDAC?2 [80].

Regulated gene pathways

Studies of oxidative stress in mice have shown that KD
increases histone acetylation levels of genes encod-
ing antioxidant stress response factors, thereby exert-
ing their anti-inflammatory effects [81]. In addition,
studies in adult rat models of inflammation have shown
that KD regulates the innate inflammatory response
through the transcriptional co-blocker CtBP: during KD,

glucose metabolism is reduced, leading to a decrease
in the NADH/NAD" ratio in macrophages and micro-
glia, which in turn reduces the transcriptional activity of
NF-xB and the expression of pro-inflammatory genes.
The change in the NADH/NAD™ ratio affects the bind-
ing of CtBP to the acetyltransferase p300, which in turn
regulates the acetylation level of the NF-xB p65 subunit,
thereby affecting its binding to the promoters of pro-
inflammatory genes [82]. Genetic testing of 19 FIRES
patients in Japan showed that ILIRN rs4251981 G>A
and SCN2A rs1864885 A>G may be potentially associ-
ated with FIRES [83]. It is well known that KD modulates
sodium channels [84]. Whether KD exerts therapeutic
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effects on FIRES by modulating sodium channels needs
to be confirmed by more studies.

Regulation of mitochondrial pathways

Studies in spontaneously epileptic Kcnal-deficient mice
have shown that BHB regulates mitochondrial perme-
ability transition [85]. Besides, in a rat model of irrita-
ble bowel syndrome, KD was also found to alleviate the
inflammatory response and improve intracellular redox
homeostasis by elevating the activity of the peroxisome
proliferator-activated receptors-y/proliferator-activated
receptor gamma co-activator-1 alpha signaling pathway,
which restored the normal function of mitochondria
[86]. KD also reduced the degree of mitochondrial DNA
methylation. The results of RNAseq analysis indicated
that this effect may originate from the regulatory effect of
KD on mitochondrial translation and electron transport
chain-related pathways [87].

Regulation of intestinal flora pathways

Studies in a mouse model of dextran sodium sulfate
colitis have confirmed that KD exerts anti-inflam-
matory effects by influencing the gut microbiota to
reduce inflammatory cytokines (e.g., IL-17«, IL-18,
IL-22, and CCL-4) produced by innate lymphoid cells

of the RORyt"CD3~ group 3 [88]. What's more, KD
can also exert anti-inflammatory effects by modulat-
ing a variety of anti-inflammatory pathways produced
by gut flora, including but not limited to the FGF21-f3-
hydroxybutyrate-NLRP3 axis, the GCN2-elF2a-ATF4
pathway, the von Hippel-Lindau/Hypoxia-inducible tran-
scription factor pathway, and the TMAO-PERK -FoxO1
axis [89].

According to the current reports, clinical studies on
FIRES have shown that the levels of cytokines (IL-1, IL-6,
IL-8, IL-9, IL-10, IL-11, IL-1RA, MCP-1, MIP-1§, IEN-y,
TNF-a, CCL-2, CCL-19, HMGBI, S100A8/A9) and Toll-
like receptors (TLR3, TLR4, TLR7/8, and TLR9) were ele-
vated. Laboratory studies from epilepsy have shown that
the levels of inflammasomes (NLRP1, NLRP3, caspase 1,
IL-1B, ASC, AIM2, gasdermin D, IL-18, intracellular cal-
cium ion, sTNFr2) were also elevated. Meanwhile, KD
may exert its anti-inflammatory effects through multi-
ple pathways including the inhibition of NLRP3, NF-«kB,
cytokine storm, and HDAC:s; activation of GRP109A; and
regulation of macrophage transformation, gene expres-
sion, mitochondria function, and intestinal flora (see
Fig. 1).

Other potential pathways
In addition to the existing reports mentioned above,
there may be unreported potential anti-inflammatory
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mechanisms of KD that contribute to its effects against
FIRES. Based on the concepts of "central immunity",
"central inflammation”, and "KD anti-inflammatory
mechanisms", we searched the signaling pathways in the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
signaling database (the KEGG Orthology numbers were:
map04218, map05417, map05417, map03320, map04152,
map07051, map05417, map04330, map04613, map04145,
and map05418, respectively). We further used Omic-
Share Tools (https://www.omicshare.com/tools) to
draw a KEGG network to observe the general situation
of the signaling pathways. As shown in the Fig. 2, KD
may play an anti-inflammatory role through a variety of
signaling pathways, including cellular senescence, neu-
trophil extracellular trap formation, phagosome, adeno-
sine monophosphate-activated protein kinase (AMPK),
Notch, microtubule-associated protein kinase (MAPK),
calcium, mTOR, cell cycle, Fc gamma R-mediated phago-
cytosis, Toll-like receptors, complement and coagulation
cascades, PI3K-Akt, autophagy- animal, either directly or
indirectly.

Outlook

Despite the overview of the possible underlying mecha-
nisms of KD against FIRES, these mechanisms need
further validation. Currently, due to the lack of animal
models of FIRES, studies on the relevant mechanisms
must be conducted using epilepsy models. Considering
that FIRES is only one of many rare epilepsy syndromes,
whether the findings from epilepsy models are fully
applicable to FIRES patients still needs to be confirmed
by in-depth mechanism studies. In addition, the consist-
ency between laboratory research and clinical practice
needs to be further explored.

Conclusions

In conclusion, clinical studies have shown that patients
with FIRES have elevated levels of various inflamma-
tory factors such as IL-6, IL-8, and IL-10. KD may exert
anti-FIRES effects through several potential inflamma-
tory pathways, such as NF-kB and NLRP3. Furthermore,
KEGG network analysis showed that KD may play an
anti-inflammatory role through several pathways, includ-
ing cellular senescence, neutrophil extracellular trap for-
mation, phagosome, AMPK, Notch, MAPK, calcium,
mTOR, cell cycle, Fc gamma R-mediated phagocytosis,
Toll-like receptors, complement and coagulation cas-
cades, PI3K-Akt, autophagy- animal. However, these
mechanisms need further investigation.
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