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The protective effects of irisin may be mediated through the 
BDNF-mediated UCP2 level. Our results thus highlight iri-
sin as a valuable therapeutic strategy against neuronal injury 
and epileptic seizures.
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Introduction

Epilepsy is a nervous system disorder that can induce persis-
tent brain injury with serious pathological and psychological 
consequences [1, 2]. At present, ~50 million people suffer 
from epilepsy in the world, with an estimated 4–10 per thou-
sand in the general population suffering from active epilepsy 
[3–5]. Epilepsy is a common chronic disease that affects 
people across different age groups [6, 7]. To date, the clini-
cal management of epilepsy involves drug therapy, but drug 
resistance and adverse effects are critical issues that war-
rant attention [8, 9]. The limitations of drug-based therapy 
are closely related to the complex and unclear mechanisms 
underlying epilepsy. Further studies are warranted to better 
understand the mechanisms underlying the disease and to 
explore new and effective treatment options.

Increased production of reactive oxygen species (ROS) 
is an important mechanism in neuronal apoptosis and 
epileptic seizures [10, 11]. During a seizure, the increase 
of ROS results in the death of neurons and serious neu-
rological damage [12, 13]. Furthermore, mitochondrial 
function has been shown to be closely associated with the 
production of ROS [14–16]. Mitochondria are the main 
site of ROS accumulation during a seizure and play a sig-
nificant role in neuronal excitability [17]. Mitochondrial 
dysfunction and oxidative stress-induced injury are clear 
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pathological changes in epilepsy [18]. Active oxygen pro-
duction associated with mitochondrial dysfunction may 
affect the occurrence of epilepsy and inhibiting ROS can 
lead to attenuated seizures [19, 20].

Irisin has been confirmed to reduce the level of ROS 
as well as mitochondria-dependent apoptosis and injury 
caused by ischemia/reperfusion [21, 22]. Irisin is a gly-
cosylated protein mainly secreted by skeletal muscle; its 
expression increases with exercise [23]. Within 30 min of 
rapid exercise, the irisin level increases in the circulation, 
which promotes glycolytic degradation and lipolysis in 
skeletal muscle [24]. Irisin is widely distributed across tis-
sues, including the brain [25]. The cell-protective roles of 
irisin have garnered increasing attention over recent years 
[22, 26, 27]. According to Chen et al., irisin participates 
in mitochondrial biogenic functional activity and oxidative 
metabolism when the lung is injured by ischemia/reperfu-
sion [21, 22]. Further, irisin reduces ROS production and 
mitochondria-dependent apoptosis, reducing the cellular 
injury caused by ischemia/reperfusion [21, 22]. In addi-
tion, Wang et al. [28] found that irisin reduces the area 
of cardiac infarction and improves heart function after 
ischemia by protecting mitochondrial function via the 
inhibition of both mitochondrial permeability transition 
pore opening and mitochondrial swelling [29]. Moreo-
ver, irisin can reduce apoptosis by decreasing the level of 
active caspase-3 and poly ADP-ribose polymerase, and by 
increasing the expression of superoxide dismutase and the 
phosphorylation of p38 [30].

Irisin is a type I membrane protein with 112 amino-acids 
and a molecular weight of 12 kDa [31]. It is formed after 
the hydrolyzation of fibronectin domain-containing protein 
5 (FNDC5). Under the action of peroxisome proliferator-
activated receptor γ coactivator 1ɑ, FNDC5 is hydrolyzed 
in the amino-acid sites 30 and 142 to produce irisin [32, 
33]. Exercise induces FNDC5 gene expression in skeletal 
muscle, thus increasing the concentration of irisin in the 
circulation [34, 35]. and it further induces brain-derived 
neurotrophic factor (BDNF) expression through the newly-
produced irisin. Activation of the FNDC5/irisin/BDNF 
signaling pathway has been confirmed in the hippocam-
pus through endurance exercise [34, 35]. BDNF is a neu-
rotrophic factor primarily expressed in the central nervous 
system (CNS) [36, 37]; it promotes neuronal cell survival, 
differentiation, migration, dendrite growth, synaptogenesis, 
and synaptic plasticity [38]. Meanwhile, the level of BDNF 
is closely associated with epileptogenesis and seizures 
[39]. The expression of BDNF is significantly reduced in 
FNDC5−/− mice [21]. FNDC5 injection, without exercise, 
increases BDNF gene expression and promotes the growth 
and survival of brain neurons in mice [40]. Altogether, these 
results indicate a potential protective role of the FNDC5/
irisin/BDNF pathway.

BDNF further promotes the expression of uncoupling 
proteins (UCPs) [41], which belong to the mitochondrial 
inner membrane protein family. The UCP family includes 
five members, which display different distributions and 
functions. UCP1 is expressed in brown adipose tissue and 
is responsible for heat production [42]. UCP2, which is 
expressed in the CNS [43], has been shown to have signifi-
cant neuroprotective effects [43, 44]. UCP2 reduces mito-
chondria-mediated ROS production through uncoupling, 
increases ATP levels, reduces mitochondrial damage caused 
by free radicals, and helps neuronal cells to consume energy 
produced by cells and free radicals [45]. Elevated UCP2 lev-
els reduce the seizure-induced death of excitotoxic cells and 
combat pathological changes in neurodegenerative disorders 
such as epilepsy and Alzheimer’s disease [46]. Altogether, 
UCP2 emerges as a potentially important contributor to the 
protective effects regulated by BDNF.

We thus hypothesized that irisin may play neuro-pro-
tective and anti-epileptic roles by reducing oxidative stress 
through BDNF-mediated UCP2 levels. In this study, we 
investigated the expression of BDNF and UCP2, as well as 
the levels of oxidative stress and neuronal injury in kainic 
acid (KA)-induced epilepsy. Furthermore, exogenous iri-
sin treatment and genipin (UCP2 inhibitor) treatment were 
administered to confirm the protective effects and possible 
mechanisms of irisin.

Materials and Methods

Animals and Surgery

Male Sprague-Dawley rats (8 weeks old; Pengyue Experi-
mental Animal Center, No. SCXK 2017-0002, Jinan, China) 
weighing 280–310 g were used in experiments. The animals 
were allowed food and water ad libitum. All the experiments 
complied with the National Institutes of Health Guidelines 
for the Care and Use of Laboratory Animals (National Insti-
tutes of Health Publication No. 80-23, 1996 Revision) and 
with the Animal Ethics Regulations of the Experimental 
Animal Center of Binzhou Medical College (approval No. 
2017003). All efforts were made to reduce the number of 
animals used and minimize pain to these animals.

The rats were anaesthetized with sodium pentobarbital 
(50 mg/kg, i.p.; CAS, 57-33-0, Xiya Reagent, China) and 
fixed in a stereotaxic apparatus (Anhui Zheng Hua Biologi-
cal Instrument Equipment Co., Ltd., China). A stainless-
steel cannula (RSD Life Science, China) was implanted into 
the left lateral ventricle [anteroposterior (AP): −1.0 mm; 
lateral (L): 1.8 mm; and ventral (V): −3.6 mm] and the hip-
pocampal CA3 region (AP: −5.3 mm; L: −5 mm; V: −6 
mm) of each rat. The recording electrode stripped of insula-
tion (0.5 mm of each tip) was implanted into the right cortex 



1349J. Yu et al.: Neuroprotective Effects of Irisin

1 3

(AP: −3.2 mm; L: 3.0 mm; and V: −1.8 mm) for electroen-
cephalogram (EEG) recording using the PowerLab system 
(AD Instruments, Sydney, NSW, Australia). The implanted 
electrode was connected to a microelectrode socket, which 
was bonded to the skull with dental cement (Shanghai 
Zhangjiang Biological Materials Co., Ltd., China). The rats 
recovered within 7 days after operation.

Drug Treatment and Seizure Recording

The KA-induced chronic epilepsy model with spontaneous 
seizures was used. KA (2 μg/μL, 1.33 × 10−3 mg/kg; CAS: 
58002-62-3; Sigma, USA) was injected into the hippocam-
pal CA3 region through the implanted cannula 7 days after 
operation. The rats in the control group were treated with 
saline instead of KA. In the Irisin+KA group, irisin (3 μg/
μL and 50 μg/kg, Xingbao Biotechnology Co., Ltd, China) 
was delivered into the lateral ventricle 30 min before KA 
injection through the implanted cannula, and was injected 
once every three days up to day 15 according to previous 
studies [47, 48] and our pilot experiments. The Saline+KA 
group was treated with saline instead of irisin. To evaluate 
the effects of irisin and guarantee the rigor of our experi-
ment, a control group and an irisin group were added (n = 
10/group), and the method of irisin administration was as 
above.

Genipin (0.5 μg/μL and 8.25 μg/kg, CAS, 6902-77-
8, Aladdin, China), the specific inhibitor of UCP2 [46], 
was delivered into the lateral ventricle 30 min before iri-
sin administration (60 min before KA injection) through a 
stainless-steel cannula. Genipin and irisin were injected once 
every three days up to day 15, while the Saline+Irisin+KA 
group was treated with saline instead of genipin. The details 
of pharmacological administration are shown in Fig. S1. 
A total of 289 rats were used in this study, 5 rats in the 
Saline+KA group died due to severe seizures.

From day 30 after KA administration, spontaneous sei-
zure behavior was observed, and EEGs were recorded for 
three consecutive days every 10 days, for example on days 
30, 31, and 32, then days 40, 41, and 42…, until days 170, 
171, and 172. Each rat was placed in a transparent resin 
observation box (50 cm × 30 cm) and recorded for three 
consecutive days at each observation time point. EEGs were 
digitized using filters (1 Hz low-pass and 50 Hz high-pass; 
PowerLab Biological Recording System, AD Instruments, 
Australia). The frequency spectrum and the power spectral 
density of EEGs were analyzed using the PowerLab Bio-
logical Recording System (AD Instruments). According 
to Racine’s criteria [49], epileptic behavior was classified 
into stages 1 to 5. Stages 1–3 indicated focal seizures, with 
symptoms including squinting, continuous chewing, head-
shaking, and unilateral forelimb lifting. Stages 4–5 indicated 
generalized seizures, including bilateral forelimb lifting, wet 

dog-like shaking, generalized convulsions, and prostration. 
An electroclinical seizure was defined as polyspike dis-
charges >5 Hz, >2 times baseline EEG amplitude lasting 
>3 s [50].

Immunohistochemistry

As in our previous report [51], at the 24 h, and days 3, 15, 
and 170 time points after KA administration, 5 rats in each 
group were anesthetized with sodium pentobarbital (50 mg/
kg, i.p.; CAS, 57-33-0, Xiya Reagent, China), perfused 
through the heart with 250 mL saline for 20–30 min until the 
liver became white, and then perfused with 250 mL of 4% 
paraformaldehyde. The brain was removed and immersed 
in 4% paraformaldehyde for 24 h followed by 30% sucrose. 
When the brain sank to the bottom, it was cut at ~2.3 mm 
to ~5 mm from posterior to the bregma (The Rat Brain in 
Stereotaxic Coordinates, Third Edition) into 12-μm sec-
tions on a cryomicrotome (CM1850, Leica, Germany). The 
sections were washed with 0.01 mol/L phosphate-buffered 
saline (PBS) and incubated at 37°C for 1 h with 10% bovine 
serum albumin. After blocking, 50 μL of the primary anti-
body mouse monoclonal anti-mouse BDNF (1:200, Abcam, 
ab205067) was added to each section, which were washed 
three times with 0.01 mol/L PBS and then kept overnight at 
4°C. Fluorescein isothiocyanate goat anti-rabbit IgG (50 μL; 
FITC, 1:200, A0562, Beyotime, China) was added to each 
section, which were then incubated at 37 °C for 1 h. After 
three washes, 50 μL of DAPI (C1005, Beyotime, China) per 
section was added and the sections were incubated at 20 °C 
for 15 min. After washing with 0.01 mol/L PBS, each sec-
tion was sealed with a coverslip. The fluorescence intensity 
of brain sub-regions was assessed by confocal microscopy 
(LSM 880, Zeiss, Germany). All samples were repeated 
three times and averaged under the same conditions. The 
images were observed and acquired at the same brightness 
level. Fluorescence intensity was analyzed using ImageJ 
1.37 (National Institutes of Health, Bethesda, USA).

Fluoro‑Jade B Staining

Fluoro-Jade B (FJB) is a fluorescein derivative dye that 
specifically binds to degenerating neurons [51–53]. Slides 
with adherent brain tissue were immersed in 1% NaOH/80% 
ethanol for 5 min and in 70% ethanol for 2 min [52, 53]. 
The following steps were followed: the slides were rinsed 
with distilled water for 2 min; wiped and immersed in 0.06% 
potassium permanganate for 15 min to maintain a constant 
background; and rinsed with distilled water for 2 min. A 
0.0004% FJB staining solution was prepared with 4 mL of 
0.01% FJB stock solution (AG310-30MG; Millipore, Burl-
ington, MA, USA) and 96 mL of 0.1% glacial acetic acid. 
The slides were incubated in the 0.0004% FJB staining 
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solution for 20 min in the dark, rinsed with distilled water 
for 1 min, dried at 50°C for 10 min, cleared in xylene for 10 
min, and sealed with neutral resin. The slides were observed 
under a fluorescence microscope (Olympus, IX73, Japan) 
with blue (450 nm) excitation light. FJB-positive signals 
were manually counted for analysis.

Oxidative Stress Detection

2’,7’-dichlorofluorescin (DCF) level changes were meas-
ured in each group to assess the level of oxidative stress, as 
described in our previous studies [53, 54]. Briefly, after KA 
treatment, 5 rats in each group were sacrificed at two time 
points (24 h and 3 days) after anesthesia. The brains were 
quickly extracted, and the cortices and hippocampi were sep-
arated on ice, then filtered into single-cell suspensions with 
0.01 mol/L PBS (10 μL/mg). 250 μL from each sample was 
added to 500 μL of DCF diacetate (10 μmol/L, Beyotime, 
S0033, China) and incubated at 37°C for 40 min without 
light [53]. Centrifugation was repeated to remove the super-
natant and wash the cells. Using excitation at 488 nm and 
emission at 525 nm, fluorescence intensity was measured in 
each group using a fluorescence microplate reader (Thermo, 
USA) [52]. The DCF levels are presented as ratios relative 
to the values measured in the control group.

Evaluation of Mitochondrial Reactive Oxygen Species 
by Mito‑SOX Fluorescence and Flow Cytometry

As in our previous studies [52, 53], following KA treatment, 
5 rats from each group were sacrificed after anesthesia at 
24 h and 3 days. Their brains were quickly extracted, and 
the cortices and hippocampi were separated. Mitochondrial 
ROS were detected using Mito-SOX™ (M36008, Thermo 
Fisher, USA). Similar to the method of DCF assessment, 
after immersion in 0.01 mol/L PBS, single-cell suspensions 
of cortices and hippocampi were separately prepared. 1 mL 
of 5 μmol/L Mito-SOX working solution was added to each 
cell suspension for incubation in the dark in a 37°C cell 
incubator for 10 min [54]. After washing, fluorescence inten-
sity was measured at 510 nm excitation and 580 nm emis-
sion, using a fluorescence microplate reader (Thermo, USA) 
and flow cytometer (Becton, Dickinson and Co., USA).

Learning and Memory Tests

As previously described [54], the Morris water maze (ZS-001, 
Beijing Zhongshi Di Chuang Technology Development Co., 
Ltd, China) was used to evaluate the learning and memory of 
rats on day 170 after KA administration [55]. These experi-
ments consisted of two parts: positioning navigation and spatial 
exploration [56]. Before the experiment, each rat was placed 
in the pool to swim freely for 2 min to familiarize with the 

environment. In the 4-day positioning navigation experiment, 
each rat was returned to the pool wall in any quadrant, and 
the time needed to find the platform was recorded. The space 
exploration experiment was carried out on day 5 [57]. The 
platform was removed, each rat was allowed to swim freely 
for 60 s, and the number of crossings was recorded. All rats 
performed the above tasks. The evaluation was latency to the 
platform, number of times through the platform, and time spent 
in the target quadrant and in the contralateral quadrant [58].

Simultaneously, the novel object recognition (NOR) test 
was applied at day 30 (n = 10/group). NOR is a common 
means of assessment of memory in rodent models such as 
rats [59]. This experiment was divided into three periods: 
adaptive, training, and testing periods [60]. The rats were 
handled gently daily for 2 days before the experiment in 
order to familiarize them to the testers [61]. In the habitu-
ation period, rats were allowed move freely for 10 min in 
the apparatus (50 cm × 60 cm × 60 cm box and no object 
was present). During the training period, two identical, firm 
and scentless objects A and B were placed equidistant away 
from the side walls. The rats were placed in the box equi-
distant from and facing away from the objects, and the dura-
tion of exploring the objects was recorded. After 14–16 h 
from the training session [62], object A was replaced with 
a new object C, which had a different color and shape from 
the previous two, and the rats were put in the box as in the 
training session. The duration of testing was 5 min. Finally, 
the learning and memory was evaluated by measuring the 
time spent on exploring the new object and by calculating 
the identification index (Identification index = Time explor-
ing new object/Total time exploring both objects) [60]. The 
experimental environment was always quiet and kept at the 
same light intensity. Rats that were born with abnormal hori-
zontal or vertical movements were excluded.

Western Blotting

For western blotting, the brain was micro-dissected into cor-
tex and hippocampus on ice. After treatment with RIPA lysis 
buffer (Meilunbio, MA0151) and PMSF (Beyotime, ST506), 
10 μL lysis buffer per mg of brain tissue was added. The tis-
sue was then sonicated on ice and the protein concentration 
was determined using the BCA Protein Kit (P0012; Beyotime, 
China). The proteins from tissue samples were separated on 
12% sodium dodecyl sulfate polyacrylamide gels and electro-
transferred. After blocking with 5% skim milk for 3 h, the 
membranes were incubated with mouse monoclonal antibodies 
against BDNF (1:1000, ab205067, Abcam, UK), anti-rabbit 
UCP2 (1:2000, ab97931, Abcam, UK), anti-rabbit caspase-3 
(1:1000, 9662, Cell Signaling Technology, USA), anti-rabbit 
activated caspase-3 (1:1000, ab2302, Abcam, UK), or glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH, 1:1000, 
AB-P-R 001, Kangchen, China) at 4°C overnight. The bands 
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were incubated with horseradish peroxidase-conjugated IgG 
secondary antibodies. Images were acquired from differ-
ent gels under the same electrophoresis conditions using an 
image analyzer (Odyssey, LI-COR Biosciences, USA). The 
results were the gray values of the target strips compared to 
the GAPDH band.

Statistical Analysis

The sample size was estimated based on our preliminary 
experiments and balanced one-way analysis of variance 
(ANOVA). All the data are shown as the mean ± SEM. 
Statistical analyses were carried out with SPSS 25.0 (IBM, 
USA). The cumulative number and duration in stages 1–3 
between the Saline+KA and Irisin+KA groups were ana-
lyzed using the nonparametric Mann-Whitney U test. Cumu-
lative seizure duration and latency to platform were ana-
lyzed by two-way ANOVA for repeated measures. The other 
parameters were analyzed by one-way ANOVA followed by 
a Dunnett’s T3 post-hoc test. For all analyses, differences 
were considered significant at P < 0.05.

Results

Irisin Treatment has No Significant Toxic Side‑effects

On day 30 after KA treatment, the heart, liver, spleen, lung, 
and kidney from rats treated with irisin were stained with 
hematoxylin-eosin (HE), and their weight and hair were 
assessed for 30 days (n = 8/group). Likewise, the novel object 
recognition test (day 30, n = 10/group), oxidative stress (24 h, 
n = 5/group), FJB staining (24 h, n = 5/group), and western 
blotting (24 h, n = 5/group) were also performed. The results 
of HE analogously showed no significant lesions in the organ-
izational structure of the heart, liver, spleen, lung, and kidney 
(Fig. S4A), as well as no significant changes in body weight 
or hair color and texture due to irisin treatment (Fig. S4D). 
Meanwhile, the levels of caspase-3 increased slightly (cortex, 
P = 0.041; hippocampus, P = 0.045; Fig. S3A, B), accom-
panied by slightly decreased levels of activated caspase-3 
(cortex, P = 0.018; hippocampus, P = 0.033; Fig. S3A, C), 
neuronal injury (CA2, P = 0.032; EC, P = 0.025; Fig. S3D, 
E), and oxidative stress (Fig. S3F, G) in irisin-treated rats 
compared to controls. Therefore, these results confirmed that 
no significant toxic side-effects occur after irisin treatment.

Exogenous Irisin Treatment Attenuates KA‑induced 
Spontaneous Seizures

The spontaneous seizure behavior and EEGs were recorded 
in each group up to day 170 after KA treatment. In the 

Irisin+KA group (n = 8), the cumulative seizure dura-
tion was significantly shorter than that in the Saline+KA 
group (n = 16) at all time points from day 30 to day 170 
(P < 0.001; Fig. 1A). Because the spontaneous seizures 
corresponded mainly to stages 1–3, the cumulative sei-
zure number and the duration in these stages were further 
analyzed in each group. The results showed that irisin-
treated rats had fewer seizures of shorter duration than rats 
treated with saline (Saline+KA; Fig. 1B, C). For exam-
ple, on day 170, the cumulative duration (60.56 ± 3.36 
s) and the number of stage 1–3 seizures (40.64 ± 3.86) in 
the Irisin+KA group were significantly lower than those 
in the Saline+KA group (359.30 ± 28.94 s, P < 0.001, 
Fig. 1B; 150.23 ± 17.70, P < 0.001; Fig. 1C). Representa-
tive EEGs and their power spectra analyses are presented 
in Fig. 1F–H. In addition, irisin treatment resulted in a 
longer latency of spontaneous seizures (Fig. 1E). Seizure 
and EEG results showed that exogenous irisin has a sig-
nificant inhibitory effect on KA-induced chronic epileptic 
seizures. The detailed pharmacological manipulations and 
animal groups are presented in Fig.1D.

Effect of Irisin Treatment on the KA‑induced Learning 
and Memory Defect

The differences in learning and memory after KA admin-
istration were evaluated with the water maze test. The 
results showed that the latency to reach the platform was 
significantly prolonged in KA-treated rats (n = 12) com-
pared with control rats treated with saline (n = 10, P < 
0.001, Fig. 2A). Moreover, KA-treated rats displayed a 
reduced target quadrant time (P = 0.005, Fig. 2B), longer 
opposite quadrant time (P < 0.001, Fig. 2C), and reduced 
target zone frequency (P = 0.005, Fig. 2D). Irisin treat-
ment partly reversed the KA-induced learning and memory 
defect. In rats treated with irisin (n = 8), the latency to 
reach the platform (P < 0.001, Fig. 2A) and the time spent 
in the opposite quadrant (P = 0.001, Fig. 2C) were signifi-
cantly shorter. Moreover, the time spent in the target quad-
rant (P = 0.008, Fig. 2B) and frequency of crossing the 
target zone (P = 0.035, Fig. 2D) significantly increased. 
Representative tracks of rats from each group searching 
for the platform are shown in Fig. 2E.

In addition, NOR testing showed that the identifica-
tion index was lower in the Saline+KA group (n = 10; P 
< 0.001, Fig. 3K, L) than in controls. However, the rats 
had a higher identification index due to irisin adminis-
tration (n = 10, Irisin+KA group; P < 0.001, Fig. 3L). 
Our results suggested that irisin treatment partly reverses 
the learning and memory impairment in KA-induced 
epilepsy.
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Irisin Treatment Attenuates the Elevated Levels 
of Apoptosis and Neuronal Degeneration Induced 
by KA

Western blotting was used to analyze changes in the apop-
tosis-related proteins caspase-3 and activated caspase-3 on 

Fig. 1   Exogenous irisin treatment attenuates KA-induced sponta-
neous seizure severity and the learning and memory defect in rats. 
A Cumulative seizure duration of stage 1–5 seizures in each group 
from day 30 to day 170 following KA injection (Saline+KA group, 
n = 16; Irisin+KA group, n = 8). B Cumulative time of stage 1–3 
seizures in each group. C Cumulative number of stage 1–3 seizures. 

D Schematic of the experimental design. E Latency of spontaneous 
seizures. F–H Representative electroencephalograms (EEGs) and 
corresponding analysis of frequency spectrum and power spectrum 
for each group on day 170. *P < 0.05, **P < 0.01, ***P < 0.001 vs 
Saline+KA group. KA, kainic acid.

days 3 and 170 after KA administration (n = 5/group) to 
evaluate the effects of irisin on apoptosis. The results showed 
that KA administration significantly increased the level of 
activated caspase-3 in both cortex and hippocampus (day 3, 
cortex, P < 0.001; hippocampus, P < 0.001; Fig. 2F, I; day 
170, cortex, P < 0.001; hippocampus, P < 0.001; Fig. 2G, 
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K), with a reduced caspase-3 level (Fig. 2F–H, J). However, 
the Irisin+KA group presented significantly lower levels 
of activated caspase-3 than those of the Saline+KA group 
(day 3, cortex, P < 0.001; hippocampus, P < 0.001; Fig. 2F, 
I; day 170, cortex, P < 0.001; hippocampus, P < 0.001; 

Fig. 2G, K). The results supported a strong anti-apoptosis 
effect of irisin on KA-induced apoptosis.

FJB staining was used to further analyze the degenera-
tion of neurons (n = 5/group). FJB-positive signals in rats 
were counted 24 h and 3 days following KA administration. 

Fig. 2   Exogenous irisin treatment attenuates the elevated levels 
of apoptosis and neuronal degeneration induced by KA. A Latency 
to find platform (Control group, n = 10; Saline+KA group, n = 16; 
Irisin+KA group, n = 8). B Percentage of time in target quadrant. C 
Percentage of time in opposite quadrant. D Platform crossing times. 
E Trajectories in Morris water maze. F, G Immunoreactivity of cas-
pase-3 and activated caspase-3 on days 3 and 170 after KA treat-

ment (n = 5/group). H–K Normalized intensity of caspase-3 and 
activated caspase-3 relative to GAPDH. L–R FJB-positive signals in 
CA2 and EC (n = 5/group; scale bar, 50 μm) on day 3. **P < 0.01, 
***P < 0.001 vs control group; #P < 0.05, ##P < 0.01, ###P < 0.001 
vs Saline+KA group (one-way ANOVA with Dunnett’s T3 post-hoc 
test). KA, kainic acid; C, cortex; EC, entorhinal cortex; CA2, cornu 
ammonis 2; H/Hip, hippocampus; FJB, Fluoro-Jade B.
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Significantly increased FJB-positive signals were observed in 
the hippocampus (CA2, P < 0.001, Fig. 2M, R) and entorhinal 
cortex (EC, P < 0.001, Fig. 2P, R) on day 3 after KA adminis-
tration compared with those in the control group (Fig. 2L, O, 
R). Irisin treatment significantly reduced the number of FJB-
positive signals in both the hippocampus (P < 0.001, Fig. 2N, 
R) and the EC (P < 0.001, Fig. 2Q, R) compared with those 

in the Saline+KA group. Similar changes in FJB signals were 
observed at 24 h (data not shown). The FJB staining results 
showed that KA induces significant neurodegeneration in 
the hippocampus and EC, and that irisin partly reverses this 
neuronal injury. Combined with the anti-apoptosis effects of 
irisin, the results showed a remarkable neuroprotective role of 
exogenous irisin treatment in KA-induced epilepsy.

Fig. 3   Exogenous irisin treatment increases BDNF and UCP2 
expression in cortex and hippocampus in KA-induced epilepsy. A, B 
Expression of UCP2 and BDNF on day 3 (A) and day 170 (B) after 
KA treatment (n = 5/group). C–F Normalized intensity of UCP2 
and BDNF relative to GAPDH. G–J Mean fluorescence intensity of 
BDNF (green) (n = 5/group; scale bar, 30 μm). K, L The novel object 

recognition test (K) and the identification index (L) in each group (n 
= 10/group, on day 30). *P < 0.05, **P < 0.01, ***P < 0.001 vs 
controls; #P < 0.05, ###P < 0.001 vs each other (one-way ANOVA 
with Dunnett’s T3 post-hoc test). BDNF, brain-derived neurotrophic 
factor; UCP2, uncoupling protein 2; C, cortex; EC, entorhinal cortex; 
H/Hip, hippocampus; KA, kainic acid.
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Exogenous Irisin Treatment Increases BDNF 
and UCP2 Expression in the Hippocampus and Cortex 
in KA‑Induced Epilepsy

The expression of BDNF and UCP2 in brain sub-regions was 
evaluated on days 3 and 170 in each group (n = 5/group). 
Western blotting showed decreased BDNF and UCP2 
expression in the hippocampus and cortex on both day 3 
(Fig. 3A, C, D) and day 170 (Fig. 3B, E, F) following KA 
administration. Immunohistochemistry also showed reduced 
levels of BDNF after KA administration (representative 
images in EC are shown in Fig. 3H, P < 0.001).

Exogenous irisin treatment significantly increased the 
level of BDNF as assessed by both western blotting (cortex 
and hippocampus, day 3, Fig. 3A, D; day 170, Fig. 3B, E) 
and immunohistochemistry (n = 5/group, EC, Fig. 3G–J) 
compared with the Saline+KA group. Synchronously, the 
elevated levels of UCP2 in the hippocampus and cortex were 
confirmed by western blots on both day 3 (Fig. 3A,C) and 
day 170 (Fig. 3B, F). Altogether, the results suggested that, 
in KA-induced chronic epilepsy, exogenous irisin treatment 
increases the expression of BDNF and UCP2 in the hip-
pocampus and cortex.

Exogenous Irisin Treatment Reduces High KA‑induced 
DCF/Mito‑SOX Levels

The levels of oxidative stress were evaluated by measuring 
DCF/Mito-SOX [43] in the hippocampus and cortex 24 
h and 3 days after KA administration (n = 5/group). KA 
administration led to a remarkable increase in the DCF 
level in both the cortex (Fig. 4A) and the hippocampus 
(Fig.  4B). Synchronously, the level of Mito-SOX was 
increased in the cortex (Fig. 4C) and the hippocampus 
(Fig.  4D) after KA administration. Conversely, in the 
Irisin+KA group, the DCF levels significantly decreased 
in the cortex (24 h, P < 0.001; day 3, P < 0.001, Fig. 4A) 
and in the hippocampus (24 h, P < 0.001; day 3, P < 
0.001, Fig. 4B) compared with those in the Saline+KA 
group. Similarly, Mito-SOX showed decreased levels in 
rats treated with irisin in both the cortex (24 h, P < 0.001; 
day 3, P < 0.001, Fig. 4C) and the hippocampus (24 h, P 
< 0.001; day 3, P < 0.001, Fig. 4D). Representative Mito-
SOX flow cytometry results for each group are shown in 
Fig. 4E. The results indicated that the increased levels of 
oxidative stress induced by KA are partly reversed by exog-
enous irisin treatment.

Fig. 4   Effects of exogenous irisin treatment on oxidative stress. A, 
B DCF levels in cortex and hippocampus (n = 5/group). C, D Mito-
SOX levels in cortex and hippocampus (n = 5/group). E Repre-
sentative Mito-SOX changes as measured by flow cytometry on day 

3. ***P < 0.001 vs controls; ###P < 0.001 vs each other (one-way 
ANOVA with Dunnett’s T3 post-hoc test). Hip, hippocampus; KA, 
kainic acid; DCF, 2’,7’-dichlorofluorescin.
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Genipin Administration Reverses the Increased UCP2 
and Reduced DCF and Mito‑SOX Levels Due to Irisin 
Treatment

The expression of BDNF and UCP2 in brain sub-regions 
was measured in each group (n = 5/group) using western 
blotting on days 3 and 170 following KA administration. 
The results showed that their expression was significantly 
higher in irisin-treated rats (Saline+Irisin+KA) than in the 
Saline+KA group (Fig. 5A–F), while genipin administration 
(Genipin+Irisin+KA) decreased UCP2 expression in the 
hippocampus and cortex on both day 3 (P < 0.001, Fig. 5A, 
C) and day 170 (P = 0.02, cortex; P = 0.03, hippocampus, 
Fig. 5B, F) compared with the Saline+Irisin+KA group. 
However, the BDNF level showed almost no change after 
genipin treatment (Fig. 5A, B, D, E).

The levels of oxidative stress were assessed in the hip-
pocampus and cortex at 24 h and 3 days after KA admin-
istration (n = 5/group). The results showed that genipin 
administration led to an increased level of DCF in both the 
cortex (24 h, P < 0.001; day 3, P < 0.001, Fig. 5G) and the 
hippocampus (24 h, P < 0.001; day 3, P < 0.001, Fig. 5H). 
Moreover, there was a similar increase in Mito-SOX levels 
in the cortex (Fig. 5I) and hippocampus (Fig. 5J) at 24 h and 
day 3 compared with those in the rats treated with saline 
(Saline+Irisin+KA group). Representative Mito-SOX flow 
cytometry results are shown in Fig. 5K. The results indicated 
that genipin reverses the reduction of oxidative stress by 
irisin as measured by DCF and Mito-SOX levels.

Genipin Administration Reverses the Attenuating 
Effect of Exogenous Irisin on KA‑induced Epilepsy

Spontaneous seizure behavior and EEGs were recorded in 
each group at preset time points between days 30 and 170. In 
the Genipin+Irisin+KA group (n = 10), the cumulative sei-
zure duration in stages 1–5 was significantly longer than that 
in the Saline+Irisin+KA group (n = 8) at all time points (P 
< 0.001, Fig. 6A). Because the spontaneous seizures mainly 
corresponded to stages 1–3, the cumulative number and the 
duration of stage 1–3 seizures were further analyzed in each 
group. The number and duration of seizures were greater in 
the genipin-treated rats than those in the Saline+Irisin+KA 
group (Fig. 6B, C). For example, at day 170, the cumulative 
duration (317.04 ± 50.14 s) and number (96.87 ± 19.11) of 
stages 1–3 seizures in the Genipin+Irisin+KA group were 
significantly higher than those in the Saline+Irisin+KA 
group (58.38 ± 5.78 s and 38.42 ± 8.64; P < 0.001, Fig. 6B, 
C). Representative EEGs and their power spectral analyses 
are shown in Fig. 6D–F. The behavioral and EEG results 
showed that genipin reverses the inhibition of KA-induced 
chronic epilepsy by exogenous irisin.

Genipin Administration Reverses the Irisin‑mediated 
Enhancement of Learning and Memory in KA‑induced 
Epilepsy

The differences in learning and memory were evaluated with 
the water maze test. The results showed that latency to reach 
the platform was significantly prolonged in genipin-treated 
rats (n = 10) compared with Saline+Irisin+KA rats (n = 8, 
P < 0.001, Fig. 6G). Moreover, there was a decrease in tar-
get quadrant time (P = 0.002, Fig. 6H) and target zone fre-
quency (P = 0.012, Fig. 6J), together with a longer opposite 
quadrant time (P < 0.001, Fig. 6I). Meanwhile, the results 
of the NOR test showed that the elevated level of interac-
tion with the new object in irisin-treated rats was reversed 
by genipin administration (n = 10, Genipin+Irisin+KA 
group, Fig. 7K, L). The results indicated that genipin partly 
reverses the protective effect of irisin against the learning 
and memory defect induced by KA. Representative tracks 
of rats searching for the platform are shown for each group 
in Fig. 6K.

Genipin Administration Reverses the Inhibitory Effect 
of Irisin on KA‑induced Apoptosis and Neuronal 
Degeneration

Changes in the apoptosis-related proteins caspase-3 and 
activated caspase-3 were assessed by western blots on day 
3 after KA administration to evaluate the effect of genipin 
on the anti-apoptosis effect of irisin. As described above, 
irisin significantly reduced the level of activated caspase-3 in 
both the cortex and hippocampus (day 3, cortex, P < 0.001; 
hippocampus, P < 0.001; Fig. 7A, C), with an increased 
caspase-3 level (Fig. 7A, B). The brain sub-regions of rats 
treated with genipin (Genipin+Irisin+KA group), however, 
showed a significantly higher level of activated caspase-3 
than that in Saline+Irisin+KA rats (day 3, cortex, P < 0.001; 
hippocampus, P < 0.001; Fig. 7A, C). The results indicated 
that genipin reverses the anti-apoptosis effect of irisin on 
KA-induced apoptosis.

To analyze the degeneration of neurons further, FJB-
positive signals were counted in each group of rats after 
KA administration (Fig. 7D–J). Significantly increased FJB-
positive signals on day 3 were observed in both the hip-
pocampus (CA2, P < 0.001, Fig. 7F, J) and EC (P < 0.001, 
Fig. 7I, J) in the Genipin+Irisin+KA group compared with 
those in the Saline+Irisin+KA group (CA2, Fig. 7E, J; EC, 
Fig. 7H, J). Similar changes in FJB signals were observed at 
24 h (data not shown). The FJB staining results showed that 
the irisin-mediated inhibition of neuronal injury is reversed 
after genipin treatment. The results highlighted the potential 
contribution of UCP2 to the strong neuroprotective effect of 
irisin treatment in KA-induced epilepsy.
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Discussion

Irisin is mainly produced in skeletal muscle after exercise 
[35]. During exercise, the expression of FNDC5/irisin in the 

CNS increases, in turn affecting a range of biological activi-
ties including mitochondrial biosynthesis, synaptic plastic-
ity, mitochondrial Ca2+ homeostasis, and active oxygen gen-
eration [63, 64]. The above effects are closely associated 

Fig. 5   Genipin administration reverses the increased level of UCP2 and 
oxidative stress reduction due to exogenous irisin treatment. A, B Levels 
of UCP2 and BDNF on day 3 (A) and day 170 (B) after KA treatment 
(n = 5/group). C, F Normalized intensity of UCP2 relative to GAPDH. 
D, E Normalized intensity of BDNF relative to GAPDH. G, H DCF 
levels in cortex and hippocampus (n = 5/group). I, J Mito-SOX levels 

in cortex and hippocampus (n = 5/group). K Representative Mito-SOX 
changes assessed by flow cytometry on day 3. *P < 0.05, **P < 0.01, 
***P <  0.001 vs Saline+KA group; #P < 0.05, ###P < 0.001 vs each 
other (one-way ANOVA with Dunnett’s T3 post-hoc test). C, cortex; H/
Hip, hippocampus; KA, kainic acid; BDNF, brain-derived neurotrophic 
factor; UCP2, uncoupling protein 2; DCF, 2’,7’-dichlorofluorescin.
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Fig. 6   Genipin administration reverses the protective effect of iri-
sin administration on seizures and the learning and memory defect. 
A Cumulative seizure duration of stage 1–5 seizures from day 30 to 
day 170 after KA injection (Saline+KA group, n = 12; Irisin+KA 
group, n = 8; Genipin+Irisin+KA group, n = 10). B Cumulative 
time in stage 1–3 seizures. C Cumulative number of stage 1–3 sei-
zures. D–F Representative electroencephalogram (EEGs) and cor-
responding analysis of frequency spectrum and power spectrum on 

day 170. *P < 0.05, **P < 0.01, ***P < 0.001 vs Saline+KA group 
(one-way ANOVA). ##P < 0.01, ###P < 0.001 vs each other (one-way 
ANOVA with Dunnett’s T3 post-hoc test). G Latency to find the plat-
form (Saline+Irisin+KA group, n = 8; Genipin+Irisin+KA group, n 
= 10). H Percentage of time in target quadrant. I Percentage of time 
in opposite quadrant. J Number of platform crossings. K Trajecto-
ries in Morris water maze. *P < 0.05, **P < 0.01, ***P < 0.001 vs 
Saline+Irisin+KA group (one-way ANOVA). KA, kainic acid.
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with epileptogenesis and seizures [65–67]. For example, 
ROS-induced oxidative stress injuries have been found along 
with epilepsy and seizures [68, 69]. Mitochondria are vul-
nerable to oxidative stress and ROS-induced mitochondrial 
injury leads to defects in energy metabolism, which play 
key roles in the initiation and development of epilepsy [18]. 
Irisin has been shown to reduce oxidative stress damage 
and increase free radical scavenging in various models [70, 
71]. For example, irisin significantly reduces the excessive 
accumulation of the superoxide anion and the production of 
malondialdehyde (the final oxidation product of lipid peroxi-
dation) after cerebral tissue infarction due to ischemic injury 
[72]. Intravenous administration of exogenous irisin protects 
the heart from ischemia-reperfusion injury by increasing 

the expression of superoxide dismutase-1 and protecting 
mitochondrial function [29, 48]. Combined with the inhibi-
tory effect of irisin on ROS production, the previous results 
led us to speculate that irisin might have a neuroprotective 
effect against epilepsy by reducing oxidative stress [73]. The 
results of our study confirmed our hypothesis. In the KA-
induced chronic epilepsy model, irisin significantly attenu-
ated the seizures and the learning and memory defect, as 
well as reducing neuronal injury and oxidative stress.

Interestingly, as irisin is mainly produced in skeletal mus-
cle after exercise [35], over-excitation-induced contraction 
of skeletal muscle during the KA-induced seizures might 
lead to the increased irisin level. Indeed, an elevated iri-
sin level has been reported in children with uncontrolled 

Fig. 7   Genipin reverses neuronal protection of exogenous irisin. A–
C Levels of apoptosis-related proteins on day 3 (n = 5/group). D–J 
FJB (Fluoro-Jade B) signal patterns in CA2 and EC on day 3 (n = 
5/group; scale bar, 100 μm). K, L The novel object recognition test 
(K) and identification index (L) of rats in each group (n = 10/group, 

on day 30). **P < 0.01, ***P < 0.001 vs Saline+KA group (one-
way ANOVA); ###P < 0.001 vs each other (one-way ANOVA with 
Dunnett’s T3 post-hoc test). C, cortex; CA2, cornu ammonis 2; EC, 
entorhinal cortex; H/Hip, hippocampus; KA, kainic acid.
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epileptic seizures [74]. However, significant neuronal injury 
was found after KA administration. The results suggest that 
even if irisin might be produced by KA-induced seizures, it 
is not sufficient to resist the neuronal injury induced by KA 
administration. The detailed changes of endogenous irisin 
levels and the contribution in KA-induced chronic spontane-
ous epilepsy need further investigation.

The neuronal protection of irisin/FNDC5 through the 
regulation of BDNF has been confirmed. After endurance 
exercise, the level of FNDC5/irisin in the CNS is increased, 
further increasing the expression of BDNF in the brain 
[35]. Exogenous administration of irisin through the lateral 
ventricle leads to enhanced BDNF expression and reduced 
brain injury caused by ischemia-reperfusion [75]. Similarly, 
after intravenous injection of FNDC5, BDNF gene expres-
sion is increased in mouse cortical cell cultures and the 
hippocampus [35]. As the precursor of irisin, FNDC5 may 
regulate the expression of BDNF through hydrolyzing into 
irisin. As a neurotrophic factor, BDNF is closely associated 
with changes in cell survival and function [76], and epilep-
togenesis and seizures. Continuous release of BDNF in the 
epileptic hippocampus attenuates seizures, improves cogni-
tive abilities, and reverses the histological and pathological 
changes in chronic epilepsy. In animal models of epilepsy 
induced by KA or pilocarpine, exogenous administration 
of BDNF reduces the toxic damage to neurons in the hip-
pocampus [40]. Our results confirmed that exogenous irisin 
increased the expression of BDNF and significantly attenu-
ated neuronal injury and seizure severity in KA-induced epi-
lepsy, but there were almost no changes in the BDNF level 
with genipin pretreatment. These results indicated that irisin 
exerts its neuroprotective and anti-epileptic effects through 
the BDNF pathway.

However, there are two aspects of BDNF in epilepsy. 
According to previous studies, BDNF is closely associated 
with the growth of both normal and injured neurons and 
affects neurotransmitter synthesis and neuronal excitability 
[38, 77]. It has been reported that sharply elevated levels 
of BDNF could lead to temporal lobe epilepsy by activat-
ing tropomyosin receptor kinase B (TrκB) as well as other 
downstream signaling cascades [78, 79]. At the beginning of 
certain eclamptic events such as lesions and inflammation, 
the increased level of BDNF–TrκB in different regions of the 
brain may cause increased excitability of the limbic system 
[80]. Therefore, it was thought that high levels of this neuro-
trophin might promote epileptogenesis in epileptic or injured 
brains because it may participate in the establishment of an 
excitatory neural network (especially in the hippocampal 
region) during the latent period [79].

Nevertheless, some studies have reported that the elevated 
level of BDNF is one of the endogenous protective mecha-
nisms in epilepsy: the increased expression of BDNF dur-
ing a seizure protects neurons from further injury [81], and 

the upregulated levels of BDNF within the normal range 
decrease neuronal excitability by combining with the TrkB 
receptor [82, 83]. Accordingly, a previous statistical analysis 
reported that the level of BDNF in normal human plasma is 
4289 ± 1810 pg/mL, which is significantly higher than that 
in the patients with epilepsy (977 ± 565 pg/mL) [84]. It has 
also been found that chronic injection of BDNF into the epi-
leptic hippocampus reduces excitability, thus partly alleviat-
ing seizures [83]. Previous reports have suggested that the 
BDNF–TrκB pathway is an important factor in the occur-
rence of epilepsy and seizures, although the possible roles 
and mechanisms are controversial. Differences in BDNF lev-
els and pathological states may explain its dual effects. More 
evidence is needed to establish the precise pathogenesis of 
BDNF–TrκB and its dual effects on epilepsy.

Downstream, the neuroprotective effect of BDNF is 
closely associated with UCP2, which has been shown to 
attenuate cell injury by inhibiting mitochondrial-mediated 
ROS production [66, 85, 86]. UCP2 is located in the inner 
membrane of the mitochondrion and belongs to a family 
of mitochondrial transporter proteins that are involved in 
energy production, apoptosis, and necrosis of cells [87]. In 
mitochondria, uncoupling of the respiratory chain and of 
oxidative phosphorylation converts the ADP of the proton 
gradient between the membrane space and the mitochondrial 
matrix into ATP. The energy destined to the ATP synthase 
disappears, it is consumed in the form of heat, and super-
oxide generation and energy storage are reduced [88]. The 
expression of mitochondrial UCP2 increases, followed by 
the uncoupling effect, and decreases cell death in animal 
models of acute brain injury [87] and Parkinson’s disease 
[89]. Conversely, a decreased UCP2 level leads to a neu-
rodegenerative process through mechanisms downstream 
from UCP2 [90, 91]. UCP2 stabilizes the mitochondrial 
inner membrane potential by changing the proton electro-
chemical concentration of the inner membrane, reduces the 
production of mitochondrial ROS and oxidative stress, and 
further protects myocardial cells from ischemia-reperfusion 
injury [85, 86]. Exogenous administration of BDNF upregu-
lates UCP2 expression and reduces the nervous system dam-
age caused by free radicals and oxidative stress [92]. As 
one of the BDNF regulators, exogenous irisin has also been 
reported to increase the expression of UCP2 [25]. Based on 
these results, we had reason to speculate that BDNF-regu-
lated UCP2 might contribute to the anti-seizure and neuro-
protective roles of irisin. Our results support this hypothesis. 
Increased expression of UCP2 and BDNF, and neuroprotec-
tive and anti-seizure effects were found after irisin treatment. 
Conversely, the UCP2 inhibitor genipin reversed the increase 
in UCP2 level, as well as attenuating the anti-seizure and 
neuroprotective effects of irisin.

Interestingly, irisin treatment 30 min before KA adminis-
tration also attenuated the KA-induced acute seizures. The 
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results indicated an additional neuroprotective mechanism 
besides BDNF and UCP2 in the acute period, e.g. mito-
chondrial Ca2+ homeostasis and glutamate release [67]. 
Further, the less severe acute seizures may also contribute 
to the attenuated chronic spontaneous seizures. The detailed 
mechanisms need to be explored by further research.

The pathological hallmarks of epilepsy are neuronal 
apoptosis and brain injury, which are caused by epilepsy-
induced excitotoxicity [93]. We used FJB staining to evalu-
ate the neuronal damage caused by KA and the neuronal 
protection of irisin [54, 94]. The results showed that FJB-
positive signals induced by KA were mainly located in the 
hippocampus and EC. Irisin reduced the FJB signals in the 
brain of epileptic rats. The hippocampus and EC are closely 
associated with seizures and cognition [95, 96]. Injury to 
the EC, which forms an epileptic network loop with the 
hippocampus, produces the recurrence of epileptic attacks, 
and further causes neuronal apoptosis [54, 96, 97]. Irisin 
can attenuate such neuronal damage [98]. Our experiments 
also showed that irisin protected against the neuroexcita-
tory damage in the hippocampus and EC induced by KA. 
Inhibiting the formation of the epileptic circuit by inhibiting 
neuronal damage in the hippocampus and EC may contribute 
to the anti-seizure effects of irisin, even though duality of the 
GABAergic signal on the excitability of neurons has been 
reported [28, 99].

In addition, in KA-induced chronic spontaneous epi-
lepsy, increased levels of oxidative stress and neuronal 
injury were found as early as 24 h, which is much earlier 
than the occurrence of spontaneous seizures. The results 
indicated a possible contribution of early neuronal injury 
to the later seizures. Moreover, the early intervention in 
oxidative stress and neuronal injury by exogenous irisin 
treatment significantly attenuated the later spontaneous 
seizures. Consequently, the early neuropathy after epilep-
togenic stimulation may play a critical role in the subse-
quent epileptogenesis. The early protection against oxida-
tive stress-induced neuronal injury may be a promising 
therapeutic strategy for epilepsy.

In conclusion, exogenous irisin treatment significantly 
increased the expression of BDNF and UCP2. Meanwhile, 
irisin treatment reduced oxidative stress, neuronal injury, 
learning and memory defects, and epileptic seizures. Admin-
istration of a UCP2 inhibitor confirmed the anti-seizure 
and neuroprotective effects of early irisin treatment in the 
KA-induced epilepsy model, and further indicated that the 
changed UCP2 level mediated by BDNF may be the underly-
ing protective mechanism in this model.
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