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Abstract
Focal cortical dysplasia IIb (FCDIIb) and tuberous sclerosis complex (TSC) are classic pathological forms
of refractory epilepsy. Increasing evidence has shown that in�ammation resolution plays an important
role in epilepsy. G-protein coupled formyl peptide receptor 2 (FPR2) resolves in�ammation and promotes
neurodevelopment by binding with resolvin D1 (RvD1), which indicates that FPR2 may be involved in
epilepsy associated with FCDIIb and TSC. In this study, the expression of FPR2 and RvD1 was decreased
in the epileptogenic focus and was negatively correlated with seizure frequency in FCDIIb and TSC
patients. FPR2 was more widely distributed in neurons and microglia than astrocytes. Moreover, the
expression levels of the RvD1 synthases 5-lipoxygenase (5-LOX) and 15-LOX were decreased in the
context of FCDIIb and TSC. Activation of the NF-κB pathway in an vitro epilepsy model was inhibited by
FPR2 activation using RvD1, but the FPR2 antagonist WRW4 exerted the opposite effect. Taken together,
our results showed that the decreases in RvD1 and FPR2 were involved in FCDIIb and TSC with epilepsy
and that FPR2 activation mediated by RvD1 contributed to inhibiting the in�ammatory signaling pathway,
suggesting that FPR2 activation may have a potential antiepileptic effect by restricting
neuroin�ammation in FCDIIb and TSC.

Introduction
Malformations of cortical development (MCDs) are caused by abnormal nerve cell proliferation, migration
and differentiation, which are important causes of refractory epilepsy (Kuzniecky 2015). Focal cortical
dysplasia IIb (FCDIIb) and tuberous sclerosis complex (TSC) are two classic MCDs phenotypes that are
characterized by the disorganization of cortical lamination and dysmorphic neuronal cells (Baldassari et
al. 2019; Liu et al. 2020). These conditions share similar histopathological features, such as dysmorphic
neurons (DNs) and balloon cells (BCs) (Iyer et al. 2014; Muhlebner et al. 2016). It has been con�rmed that
abnormal cell and tissue structures and chronic persistent in�ammation are involved in epilepsy
associated with FCDIIb and TSC. Moreover, in various epileptic disorders, activation of the in�ammatory
pathway in the brain has been observed. However, the detailed molecular mechanism of in�ammation in
epilepsy associated with FCDIIb and TSC needs further elucidation.

Previous studies have shown that neuroin�ammation is activated in epileptogenic foci and is involved in
epileptogenesis in epileptic patients with MCDs (Sun et al. 2016). In MCDs, a wide range of in�ammatory
mediator abnormalities were observed in neurons and glial cells (Zhang et al. 2018). In particular, Toll-like
receptor (TLR) signaling pathways have attracted much attention in the neuroin�ammation associated
epilepsy (Zurolo et al. 2011). Our group and others showed that TLRs, the ligand high mobility group box
1 (HMGB1) and downstream neuroin�ammatory factors, such as interleukin-1β (IL-1β) and tumor
necrosis factor-α (TNF-α), were upregulated in neurons and glia cells in the FCDIIb and TSC (Wang et al.
2018). This in�ammatory persistence promotes epileptogenesis and epilepsy progression, which
indicates that endogenous resolution of in�ammation does not effectively control neuroin�ammation to
relieve neuronal network hyperexcitability.
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Recent studies have shown that in�ammatory resolution is an active process that is regulated by
specialized proresolving mediators (SPMs) (Serhan and Levy 2018), such as the docosahexanoic acid
(DHA)-derived resolvin D (RvD) series, neuroprotectin D (NPD1), and maresins in peripheral tissues and
the CNS. Resolvin D1 (RvD1) is a specialized SPM that is synthesized from DHA by sequential
oxygenation mediated by the enzymes 5-lipoxygenase (5-LOX) and 15-LOX and plays anti-in�ammatory
roles in vitro and in vivo (Liu et al. 2021; Sun et al. 2007). These effects are mediated by formyl peptide
receptor type 2 (FPR2), which is also called lipoxin A4 receptor (ALX) and is a G-protein-coupled receptor
that drives the active resolution of in�ammation (Cooray et al. 2013). Furthermore, recent studies have
shown that the level of RvD1 is increased in the hippocampus in epilepsy model mice during acute
seizures (Frigerio et al. 2018), indicating that RvD1 has potential protective effects on the epileptogenesis
of temporal lobe epilepsy. However, the roles of FPR2 in FCDIIb and TSC patients with epilepsy are still
unknown.

In this study, we examined the expression of FPR2, RvD1 and the RvD1 synthases 5-LOX and 15-LOX and
the distribution of FPR2 and analyzed the correlation between the expression of FPR2 and RvD1 and
clinical variables. In addition, we also explored whether FPR2 mediated the NF-κB signaling pathway in
an in vitro model of epilepsy.

Materials And Methods

Subjects 
A total of 52 human cerebral cortex specimens were collected from the Department of Neurosurgery at
Xinqiao Hospital (Army Medical University, Chongqing, China) and were divided into the FCDIIb (n = 20),
TSC (n = 20) and control groups (n = 12). All procedures for this study were conducted according to the
guidelines approved by the Army Military Medical University Ethics Committee. All specimens were
collected and used in accordance with the Declaration of Helsinki. Prior to surgery, patient underwent a
complete preoperative evaluation and signed an informed consent form for research using the removed
brain tissue. All cases were diagnosed independently by 2 neuropathologists based on the International
League Against Epilepsy classi�cation. Control tissue was collected from the cadavers of 12 patients
who had no history of epilepsy or any other neurological disease. According to our previous studies (Sun
et al. 2016), all specimens were collected within 24 h of death, since most proteins are stable during this
postmortem time (Hynd et al. 2003).

Tissue preparation
During surgery, epileptogenic foci samples were divided into representative tissue blocks. All specimens
were immediately divided into two parts. One part was �xed in 10% buffered formalin for 72 h and then
embedded in para�n. Para�n-embedded tissue was sectioned at a thickness of 5 µm and used for
histopathologic diagnosis and pathologic classi�cation, followed by immunohistochemical and
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immuno�uorescence staining. The other part was immediately placed in a cryovial containing buffered
diethylpyrocarbonate (1:1000) for 24 h and was then snap-frozen in liquid nitrogen. Frozen samples were
stored at −80 °C until they were used for ELISA, quantitative real-time polymerase chain reaction (Real–
time PCR) and western blot analysis.

Real–time PCR
According to the manufacturer’s instructions, total RNA was isolated from the FCDIIb, TSC, and control
specimens by using a TRIzol reagent isolation kit (Invitrogen, La Jolla, CA). PCR primers were designed
based on the complementary DNA sequence. The primers used in this study are shown in Supplementary
materials 1. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an endogenous control
gene. Finally, the quantitative results were calculated by the 2−ΔΔCT method.

Western blots
Total protein was extracted from human specimens and cultured cortical neurons by using a total protein
extraction kit (Beyotime, Jiangsu, China). Equal amounts of protein (20 µg) were used for immunoblotting
and primary antibodies are as follows: FPR2 (rabbit polyclonal, 1:800, Abcam, UK), 5-LOX (rabbit
polyclonal, 1:800, Abcam, UK), 15-LOX (rabbit polyclonal, 1:800, Abcam, UK), NF-κB (rabbit polyclonal,
1:500, Cell Signaling Technology, USA), and GAPDH (rabbit polyclonal, 1:1000; Cell Signaling Technology,
USA). Speci�c protein bands on the membranes were visualized using enhanced chemiluminescence,
and densitometry was performed with ImageJ software (National Institutes of Health, USA). GAPDH
levels were evaluated as a loading control.

Immunohistochemistry and immuno�uorescence analysis
Para�n-embedded slices a thickness of 5 µm were used for immunohistochemistry and
immuno�uorescence. The sections were incubated with anti-FPR2 (1:500, Abcam, UK) primary antibody
overnight at room temperature. Next, the sections were incubated with goat anti-rabbit immunoglobulin
conjugated to peroxidase-labeled dextran polymer (Envision + System-HRP; Boster, Wuhan, China) for 1 h
at 37 °C. The sections were counterstained with hematoxylin, dehydrated, and coverslipped. For double-
labeled immuno�uorescence staining, sections were incubated at 4 °C overnight with following primary
antibodies: anti-FPR2 (rabbit polyclonal, 1:500, Abcam, UK), anti-NeuN (mouse polyclonal, 1:500;
Millipore, Billerica, USA), anti-GFAP (mouse polyclonal, 1:500; Sigma, USA), and anti-Iba1 (mouse
polyclonal, 1:500; Abcam, UK). Next, they were incubated with the corresponding goat anti-mouse Cy3-
and goat anti-rabbit 488-conjugated secondary antibodies (both at 1:500, Invitrogen, La Jolla, CA) for 2 h
at 37 °C. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, Beyotime, China). The �uorescent
sections were captured and photographed by a Zeiss Axio Vert microscope (Zeiss, Oberkochen,
Germany).
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Evaluation of immunostaining
The mean optical density (MOD) of FPR2 was determined according to a previous report (Wang et al.
2021). Brie�y, the stained sections were assessed using a light microscope (BX51, Olympus, Japan). The
photographs were analyzed by using Image-Pro Plus software (Media Cybernetics, Bethesda, MD, USA),
and the MOD was measured.

ELISA 
Frozen cortical lesion samples (50 µg) were collected and cleaned in precooled PBS to remove the blood.
The RvD1 ELISA kit was purchased from Cayman Chemicals (USA). After incubation overnight at 4 °C
and development by Ellman's reagent and the optical density was measured at 420 nm with a plate
reader (Bio–Rad). The concentrations of the samples were calculated on the basis of a standard curve.

In vitro epilepsy model
Male neonatal Sprague-Dawley (SD) rats (less than 24 h old) were obtained from the Laboratory Animal
Center of the Army Medical University (Chongqing, China). All animal procedures were approved by the
Animal Studies Committee of the Army Medical University and were conducted according to the
Guidelines for the Care and Use of Laboratory Animals. Primary cortical neurons were isolated from 1-
day-old SD rats. To determine the signaling pathways associated with RvD1-FPR2, the cells were divided
into four groups: the control group was treated with PBS; the KA group was treated with kainic acid (KA)
(20 μM/ml); the RvD1 + KA group was treated with 150 nmol/L RvD1 (Cayman Chemical Company, USA)
30 min before KA administration; and the WRW4 + KA group was treated with 10 µg/mL WRW4 (Cayman
Chemical Company, USA) 30 min before KA administration. Eight hours later, the cells were collected for
further analysis. After the treatments, the cultures were harvested with a cell scraper, and centrifuged at
12,000 rpm for 10 min. For protein extraction, a total protein extraction kit (Beyotime, Jiangsu, China) was
used. For RNA extraction, the EZ-10 Total RNA Mini-Prep Kit (Sangon Biotech, Shanghai, China) was used.

Statistical analysis
Differences in seizure frequency and epilepsy duration were evaluated using t tests. Spearman's rank
correlation test was used to perform bivariate correlation analyses. Overall statistical signi�cance was
carried out using one-way analysis of variance (ANOVA), followed by Tukey's test for between-group
comparisons. A p-value < 0.05 indicated a statistical difference. The data are shown as the mean ± SEM,
and analysis was performed using SPSS 13.0 (SPSS, Chicago, IL, USA).

Results
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Clinical characteristics
The average age of the control subjects was 12.54 ± 1.843 years, with 7 females and 5 males; the
average age of the FCDIIb patients was 8.36 ± 0.921 years, with 10 females and 10 males; and the
average age of the TSC patients was 10.0 ± 1.083 years, with 12 females and 8 males. There were no
signi�cant differences in sex or age between the control subjects and FCDIIb and TSC patients (p > 0.05).
The clinical features of the human subjects are summarized in Table 1. Moreover, there were no
signi�cant differences in epilepsy duration or seizure frequency between FCDIIb and TSC patients (p >
0.05). The detailed clinical data of the FCDIIb and TSC patients are shown in Supplementary Table 1, and
the detailed features of the specimens from control subjects are shown in Supplementary Table 2.

Table 1

Summary of the clinical features of FCDIIb, TSC patients and controls

Variable Control n=12 FCDIIb n=20 TSC n=20 p value

Gender ratio (F/M) 7/5 10/10 12/8 p>0.05

Age (year) 12.54±1.843 8.36±0.921 10.0±1.083 p>0.05

Range 5-26 1.5-16 2.5-17  

Epilepsy duration 
 (year)

NA 3.67±0.71 4.54±0.54 p>0.05

Range NA 0.6-10.4 1.0-9.0  

Seizure frequency 
 (month)

NA 62.75±9.641 57.50±8.495 p>0.05

Range NA 10-150 15-135  

Abbreviations: F, female; M, male; FCD, focal cortical dysplasia; TSC, tuberous sclerosis complex.

 

Expression and Distribution of FPR2 in the specimens from
FCDIIb and TSC patients
The mRNA and protein expression of FPR2 was examined in surgical samples from the FCDIIb, TSC, and
control groups. Compared to those of the controls, the mRNA (Figure 1A) and protein levels (Figure 1B-C)
of FPR2 were signi�cantly decreased in the FCDIIb (mRNA: p < 0.05; protein: p < 0.05) and TSC (mRNA: p
< 0.05; protein: p < 0.01) groups. Next, the correlation between FPR2 protein expression levels and
different clinical variables (age at surgery, frequency of seizures and duration of seizures) was assessed.
Notably, there were signi�cant negative correlations between FPR2 expression and seizure frequency in
FCDIIb (Figure 1D; r = −0.6165, p <0.05) and TSC (Figure 1E; r =−0.6367, p <0.05)
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patients. Immunohistochemistry and immuno�uorescence analysis were used to evaluate the distribution
of FPR2 in patients and controls. FPR2 was examined in not only normal neurons (Figure 1 G) but
also dysmorphic neurons (DNs) and balloon cells (BCs) in the FCDIIb (Figure 1 H) and TSC (Figure 1 I)
groups. In addition, the MOD of FPR2 was decreased in both FCDIIb and TSC patients compared with
controls (Figure 1 F; FCDIIb: p < 0.01, TSC: p < 0.01). Immuno�uorescent staining showed that FPR2 was
widely distributed in neurons (Figure 1 J-K) and microglia (Figure 1 N-O) but not astrocytes (Figure 1 L-M).

Expression of 5-LOX, 15-LOX and RvD1 in FCDIIb and TSC
specimens
The mRNA and protein levels of 5-LOX and 15-LOX were examined in surgical samples in the FCDIIb, TSC
and control groups. The mRNA and protein levels of 5-LOX (Figure 3 A-C) were signi�cantly decreased in
FCDIIb (mRNA: p < 0.05; Protein: p < 0.05) and TSC (mRNA: p < 0.01; Protein: p < 0.01) samples. The
mRNA and protein levels of 15-LOX (Figure 3 D-F) were signi�cantly decreased in FCDIIb (mRNA: p < 0.01;
Protein: p < 0.05) and TSC (mRNA: p < 0.01; Protein: p < 0.01) samples. In addition, ELISA was used to
measure RvD1 levels in the surgical samples of patients with FCDIIb and TSC and controls. The data
revealed that the expression of RvD1(Figure 3G) was decreased in FCDIIb (p < 0.05) and TSC (p < 0.05)
samples compared with controls. Next, correlations between the RvD1 expression level and different
clinical variables were assessed. There were signi�cant negative correlations between RvD1 expression
and seizure frequency in FCDIIb (Figure 3H; r = −0.6790, p<0.05) and TSC (Figure 3I; r =−0.6799, p<0.05)
patients.

In�ammation in patients with FCDIIb and TSC
FPR2 expression was signi�cantly decreased in FCDIIb and TSC. FPR2 has been reported to ameliorate
neuroin�ammation. Next, we explored the NF-κB in�ammatory pathway in FCDIIb and TSC. The NF-κB
pathway was signi�cantly activated in FCDIIb and TSC (Figure 4 A-B; FCDIIb: p < 0.01, TSC: p < 0.05). The
mRNA expression levels of the in�ammatory factors IL-1β (Figure 4C; FCDIIb: p < 0.01, TSC: p < 0.05), IL-6
(Figure 4D; FCDIIb: p < 0.01, TSC: p < 0.05), and TNF-α (Figure 4E; FCDIIb: p < 0.01, TSC: p < 0.05), which
are regulated by NF-κB, were also increased in FCDIIb and TSC. As expected, NF-κB expression was
positively associated with seizure frequency in FCDIIb (Figure 4F; r = 0.7062, p<0.05) and TSC (Figure 4G;
r = 0.6596, p <0.05) patients.

Effects of RvD1 and WRW4 on the NF-κB signaling pathway
FPR2 regulation of the NF-κB signaling pathways was examined in cultured cortical neurons that were
with PBS, RvD1 (150 nmol/L), or WRW4 (10 µg/mL). KA increased the protein expression of NF-κB (Figure
5A-B; p < 0.01); however, the increase in NF-κB was reversed by RvD1(Figure 5A-B; p < 0.01), while WRW4
had the opposite effect (Figure 5A-B; p < 0.05). KA increased the mRNA expression of IL-1β (Figure 5C; p <
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0.01), IL-6 (Figure 5D; p < 0.01) and TNF-α (Figure 5E; p < 0.01), but the increased expression of IL-1β, IL-6
and TNF-α was abrogated by RvD1(IL-1β: p < 0.01; IL-6: p < 0.05; TNF-α: p < 0.05), while WRW4 had the
opposite effect on IL-1β (p < 0.05).

Discussion
In this study, we found that the expression of FPR2 and its ligand RvD1 was decreased and negatively
correlated with seizure frequency in FCDIIb and TSC patients. FPR2 was distributed in both neurons and
microglia but not astrocytes. Moreover, the NF-κB in�ammatory signaling pathway was activated in
FCDIIb and TSC patients and in an in vitro epilepsy model. Next, we demonstrated that FPR2 activation
effectively attenuated cortical neuroin�ammation by inhibiting the NF-κB signaling pathway in an in vitro
model of epilepsy. These results suggested that the decreases in RvD1 and FPR2 levels were involved in
FCDIIb and TSC with epilepsy and that FPR2 activation by RvD1 contributed to inhibiting the NF-κB
signaling pathway, suggesting that FPR2 activation may have potential antiepileptic effects by restricting
neuroin�ammation in FCDIIb and TSC.

Increasing evidence suggests that in�ammation enhances neuronal excitability to promote seizures and
epileptogenesis in epileptic patients and contributes to the progression of epilepsy (Vezzani et al. 2016).
Moreover, the exogenous in�ammatory stimulators LPS and poly(I:C) induce the release of
neuroin�ammatory factors to enhance seizure susceptibility and severity by activating TLRs (Johnson et
al. 2018). RvD1 has been shown to inhibit LPS- and poly(I:C)-induced in�ammation (Wang et al. 2020).
Neuroin�ammation is characterized by the upregulation of in�ammatory cytokines, such as HMGB1, IL-
1β, TNF-α, their corresponding receptors and downstream effector molecules in neurons and glia (Zhang
et al. 2018). Furthermore, HMGB1, TLR4, IL-1β, TNF-α, and IL-6 are increased in FCD and TSC. TLR2, TLR4
and their endogenous ligand HMGB1 are highly expressed in MCDs and further activate NF-κB signaling
through the TRIF pathway (Wang et al. 2018). Our previous studies also showed that the NF-κB pathway
was signi�cantly activated in the epileptogenic foci of patients with MCDs (Wang et al. 2021). These
studies suggest that in�ammation persists in MCDs, and active in�ammatory resolution fails to
extinguish this in�ammation. It is unclear why this occurs. In this study, the expression of FPR2 and RvD1
was decreased and negatively correlated with the frequency and severity of FCDIIb and TSC seizures,
which indicated that the decrease in FPR2 and RvD1 could be involved in the abnormal in�ammatory
resolution in FCDIIb and TSC and promoted seizures.

The resolution of in�ammation is an active programmed process that is regulated by SPMs, including the
DHA-derived RvD series, NPD1, and maresins (Serhan and Levy 2018). NPD1 reduces the expression of
TNF-α and IL-1β and the ensuing epileptic seizures by attenuating the in�ammatory response in the
hippocampus (Frigerio et al. 2018). NPD1 also attenuates kindling progression, hippocampal
hyperexcitability, and seizure threshold and reduces the severity and duration of seizures in electrically
kindled mouse models (Musto et al. 2011). Furthermore, clinical treatment with DHA reduces seizure
frequency in epilepsy patients (Ibrahim et al. 2018). However, recent studies have suggested that the DHA
derivative RvD1 has the potential to inhibit seizures and epileptogenesis during the acute phase (Frigerio



Page 10/18

et al. 2018). Moreover, RvD1 improves neuronal oxidative stress and synaptic impairment induced by
hemoglobin through the FPR2-NF-κB/MAPK pathway (Liu et al. 2020). However, the effects of RvD1-FPR2
on chronic epilepsy are still unknown. In this study, we observed that the expression of RvD1 and FPR2
was decreased and negatively correlated with the frequency and severity of seizures. These results
suggested that the dysfunction of in�ammation resolution mediated by FPR2 might be an important
cause of persistent chronic in�ammation in FCDIIb and TSC patients and has protective effects during
the chronic phase of epilepsy.

FPR2 can be activated by agonists from different sources and perform different functions (Cattaneo et al.
2013). FPR2 regulates microglial switching to the anti-in�ammatory M2 phenotype by Annexin A1
through the AMPK-mTOR pathway in cerebral ischemia–reperfusion injury (Xu et al. 2021). FPR2
activation inhibited hippocampal neuronal death in a temporal lobe epilepsy model by modulating the
ERK signaling pathway (Gimenes et al. 2019). In addition, RvD1 alleviated in�ammation in trophoblasts
caused by chorioamnionitis in vivo and vitro through the FPR2/NF-κB pathway (Li et al. 2020). Many
studies have demonstrated that NF-κB is increased in the epileptic brain and dysregulates various
proin�ammatory mediators, such as IL-1β, IL-6 and TNF-α (Wang et al. 2021). These �ndings suggest
that FPR2 activation might regulate in�ammatory factors and play a neuroprotective role by inhibiting the
NF-κB pathway in FCDIIb and TSC patients. Our results showed that the NF-κB pathway was signi�cantly
activated in patients with FCDIIb and TSC, and the expression of downstream in�ammatory cytokines (IL-
1β, IL-6, TNF-α) was also increased. Furthermore, the protein level of NF-κB was positively correlated with
seizure frequency in patients with FCDIIb and TSC. Moreover, RvD1 inhibited the NF-κB pathway in the in
vitro epilepsy model, and the effect of RvD1 was reversed by the administration of the FPR2 inhibitor
WRW4, suggesting that the anti-in�ammatory effect of RvD1 depended on FPR2.

In this study, FPR2 was mainly expressed in neurons and microglia but not astrocytes in FCDIIb and TSC
patients. A previous study demonstrated that FPR2-de�cient mice showed signi�cant behavioral de�cits
in the cognitive–emotional interface (Gallo et al. 2014). Intriguingly, other studies indicated that inhibiting
the FPR2 signaling pathway signi�cantly reduced the axonal growth of mouse hippocampal neurons (Ho
et al. 2018). FPR2 increased intracellular Ca2+ levels to reduce the TRPV1 current to inhibit the excitability
of dorsal horn neurons (Bang et al. 2010). These results suggested that FPR2 could regulate neuronal
excitability. In addition, FPR2−/− mice showed an exaggerated cerebral in�ammatory response (Vital et al.
2016). Microglia express high levels of mFPR2 transcripts when stimulated with TNF-α or excessive TLR
agonists (Yu and Ye 2015). The upregulation of IL-1β and TNF-α gene expression was reduced by LPS in
microglia and was signi�cantly inhibited by FPR2 stimulation (Tylek et al. 2021). Our results showed that
FPR2 was distributed in microglia rather than astrocytes in FCDIIb and TSC samples, suggesting that
FPR2 might inhibit the proin�ammatory response of microglia to reduce the chronic in�ammatory
response in FCDIIb and TSC.

Previous studies have shown that DHA is involved in the development of the brain (Lauritzen et al. 2016).
Mutations in the gene encoding the DHA transporter (MFSD2A) causes lethal microcephaly syndrome
(Alicia Guemez-Gamboa et al. 2015). RvD1 is derived from the biosynthesis of DHA through 5-LOX and
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15-LOX. Treatment with RvD1 increased the expression of BDNF in brain, which is closely related to brain
development (Ren et al. 2020). Moreover, FPR2 is also expressed in NSCs during cerebral development
and mediates the migration of NSCs in vitro and in vivo, in addition to promoting the differentiation of
NSCs into neurons (Wang et al. 2016). However, the relationship between RvD1, FPR2 and cortical
dysplasia is unclear. We observed that the expression levels of both 5-LOX and 15-LOX were decreased in
FCDIIb and TSC. These results indicated that DHA might be involved in brain development through the
RvD1-FPR2 signaling pathway. According to these results, targeting the RvD1-FPR2 signaling pathway
might alleviate seizures by promoting the process of in�ammation resolution and prevent epileptogenesis
by rescuing cortical developmental abnormalities in FCDIIb and TSC patients.

In summary, the decreases in FPR2 and RvD1 expression were involved in epilepsy in FCDIIb and TSC
patients. RvD1 alleviated neuroin�ammation though FPR2 by inhibiting the NF-κB pathway. These results
indicated a potential antiepileptic role of FPR2 in alleviating neuroin�ammation in patients with FCDIIb
and TSC. FPR2 activation may be a potential strategy for controlling seizures and the progression of
epilepsy in FCDIIb and TSC patients.
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The expression and distribution of FPR2 in FCDIIb and TSC patients and controls. (A) FPR2 mRNA
expression levels were examined by RT–PCR. (B) Representative western blots and (C) densitometric
analysis showing the protein levels of FPR2. (D-E) Correlations between FPR2 and seizure frequency in
FCDIIb and TSC patients. There was a signi�cant negative correlation in patients with FCDIIb (r = -0.6165,
p = 0.0434) and TSC (r = -0.6367, p = 0.0351), as shown in the scatter plot. The mean optical density of
FPR2 was increased in control neurons (arrows in G), and a low mean density was observed in
dysmorphic neurons (DNs) (black arrows) and balloon cells (BCs) (red arrows) in (H) FCDIIb and (I) TSC
samples. Scale bar = 50 μm. (F) The mean density of FPR2 was decreased in the FCDIIb and TSC groups
compared to the control group. (J-O) Immuno�uorescence staining revealed the distribution of FPR2 in
neurons, astrocytes, and microglia. (J-K) Colocalization of FPR2 with NeuN in neurons. (L-M)
Colocalization of FPR2 with GFAP in astrocytes. (N-O) Colocalization of FPR2 with Iba1 in microglia,
Scale bar = 10 μm. All data are expressed as the mean ± SEM, *p < 0.05, **p < 0.01.

Figure 2

The expression of RvD1 in FCDIIb and TSC patients and controls. (A, D) Representative western blots of
5-LOX and 15-LOX in patients and controls. (B, E) Densitometric analysis of 5-LOX and 15-LOX in patients
and controls. (C, F) 5-LOX and 15-LOX mRNA levels were examined by RT–PCR. (G) Quanti�cation of
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cerebrohyphoid RvD1 levels were determined by ELISA. (H-I) Correlations between the expression of RvD1
and seizure frequency in FCDIIb and TSC patients. There was a signi�cant negative correlation in FCDIIb
(r = −0.6970, p = 0.0369) and TSC (r = −0.6799, p = 0.0439) patients, as shown in the scatter plot. All data
are expressed as the mean ± SEM, *p < 0.05, **p < 0.01.

Figure 3

Activation of in�ammation in FCDIIb and TSC patients. (A) Representative western blots showing NF-κB
expression in surgical samples. (B) Statistical analysis showing elevated protein levels of NF-κB in FCDIIb
and TSC patients. RT–PCR analysis showed that the mRNA levels of IL-β (C) and IL-6 (D) and TNF-α (E)
were signi�cantly increased in FCDIIb and TSC samples compared with control specimens. (F-G)
Correlations between the expression of NF-κB and seizure frequency in patients with FCDIIb and TSC.
There was a signi�cant positive correlation in FCDIIb (r = 0.7062, p = 0.0151) and TSC (r = 0.6596, p =
0.0272) patients, as shown in the scatter plot. All data are shown as the mean ± SEM, *p < 0.05 **p <
0.01.



Page 18/18

Figure 4

RvD1 and WRW4 regulation of FPR2 and the downstream NF-κB signaling pathway. (A) Representative
western blots showing NF-κB in primary cortical neurons treated with PBS, KA, RvD1+KA and WRW4+KA.
(B) Statistical analysis of the expression level of NF-κB. KA increased the expression of NF-κB, and
change in the expression of NF-κB was reversed by RvD1, which WRW4 had the opposite effect. (C-E) The
mRNA expression of IL-1β, IL-6 and TNF-α in primary cortical neurons treated with PBS, KA, RvD1+KA,
WRW4+KA was measured by RT–PCR. KA increased the expression of IL-1β, IL-6 and TNF-α, but the
increased expression of IL-1β, IL-6 and TNF-α was rescued by RvD1, while WRW4 treatment had the
opposite effect on IL-1β. All data are expressed as the mean ± SEM, *p < 0.05. **p < 0.01.
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