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Abstract

Background: Though succinate accumulation is a vital contributor to overexcitation and reactive oxygen species (ROS) production,
whether it contributes to febrile seizures (FS) is unclear. We sought to mechanistically explore the role of succinate in prolonged FS.
Methods: Prolonged FS were induced by hyperthermic treatment in Sprague-Dawley pups. Inhibitors of succinate dehydrogenase
(SDH), purine nucleotide cycle (PNC), and malate/aspartate shuttle (MAS) were administered, respectively. Succinate levels and oxida-
tive stress damage were assessed, and epileptic seizures and learning and memory ability were assessed after hyperthermic treatment.
Results: Succinate levels increased significantly, accompanied by oxidative stress injury, seizures, and learning and memory defects,
following prolonged FS. Treatment with the SDH inhibitor reduced succinate levels, accompanied by reduced levels of oxidative stress
injury, attenuated seizures, and learning and memory deficits. Treatment with inhibitors of MAS and PNC, respectively, played similar
protective roles, accompanied by decreased succinate levels. Conclusions: Increased succinate levels promote prolonged FS-induced
oxidative stress injury and epileptogenesis. Reducing succinate accumulation may be a potential method for prolonged FS treatment.
Moreover, elevated succinate levels may result from the reverse catalysis of SDH-targeting fumarate, which was produced from PNC
and MAS.
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1. Introduction
Febrile seizures (FS) are the most common seizures in

childhood [1], affecting 2–5% of children [2]. Long-term
recurrent attacks can lead to neuronal damage and learn-
ing and memory dysfunction and have irreversible effects
on children’s brain development [3,4]. In clinical prac-
tice, 37.1% of sudden, unexplained deaths in children are
closely related to FS [5]. Current therapeutic strategies
aim to reduce the excessive excitability using anti-seizure
drugs. However, anti-seizure drugs are ineffective in ap-
proximately 50% of children with seizures and may aggra-
vate the neurological deficits caused by FS [6] and even dis-
rupt pediatric brain development [7]. Therefore, it is nec-
essary to explore the mechanisms underlying FS-induced
neuronal damage to identify potential therapeutic targets.

Excessive excitation is a vital pathological feature of
FS. The brain affected by FS undergoes a battery of neuro-
toxic events, such as a massive release of excitatory neu-
rotransmitters (e.g., glutamate) and overactivation of N-
methyl-D-aspartic acid (NMDA) receptors [8,9]. Succi-
nate is a critical regulator of the tricarboxylic acid cycle
and glutamate-gamma aminobutyric acid (GABA) shunt

[10], and its accumulation can induce overexcitation of
neurons and neonatal seizures [9]. NMDA receptor an-
tagonists significantly attenuate succinate accumulation-
induced overexcitation [11]. Moreover, our previous study
verified that succinate accumulation is a vital initiating
factor of neuronal overexcitation in kainic acid-induced
epilepsy [12].

The increased reactive oxygen species (ROS) due to
overexcitation is closely related to oxidative stress-induced
neuronal damage in FS [13,14]. Excessive excitation-
induced defects in mitochondrial function suppress mito-
chondrial electron transport and produce ROS, eventually
resulting in oxidative stress injury [14,15,16]. In contrast,
mitochondrial damage aggravates ROS generation [17].
Furthermore, ROS accumulation influences Ca2+ home-
ostasis and promotes the release of excitatory amino acids,
further intensifying excitation [18,19].

Succinate accumulation is an important contributor
to ROS production. Succinate initiates the momentous
fumarate-malate-oxaloacetate pathway [20,21]. Succinate
dehydrogenase (SDH), a critical metabolic enzyme, oxi-
dizes succinate to fumarate and maintains mitochondrial
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ROS homeostasis by generating and eliminating superox-
ides [22]. However, in multiple pathological processes,
SDH may reversely catalyze fumarate via malate/aspartate
shuttle (MAS) and the purine nucleotide cycle (PNC),
causing succinate accumulation. Subsequently, SDH re-
oxidizes accumulated succinate and produces excessive mi-
tochondrial ROS via the reverse electron flow of NADH
dehydrogenase [10,23,24].

Considering the effects of succinate accumulation on
ROS generation and the important contribution of ROS to
overexcitation and oxidative stress damage, which are vital
pathological changes of FS, we hypothesized that succinate
accumulation-induced excessive ROS generation may par-
ticipate in the neuronal injury induced by FS. Therefore, we
investigated alterations in succinate levels and explored the
possible roles of accumulated succinate in prolonged FS in
rats.

2. Materials and Methods
2.1 Animals

Pregnant Sprague-Dawley rats were obtained from
Pengyue Experimental Animal Center (Jinan, Shandong,
China) and housed individually with ad libitum ac-
cess to food and water. In accordance with ARRIVE
2.0 (Supplementary Material-ARRIVE), all experiments
were conducted between 9:00 and 17:00, and every effort
was made to minimize animal discomfort and reduce ani-
mal usage.

According to the experimental design
(Supplementary Fig. 1), this study included four
experimental sections. In the first section, littermates were
randomly divided into the control group (39 rats) and the
prolonged FS group (59 rats); in the second section, litter-
mates were randomly divided into the dimethyl malonate
(DM) + prolonged FS group and the saline + prolonged
FS group (38 rats/group); in the same way, littermates
were randomly treated with aminooxyacetic acid (AOA) or
5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside
(AICAR), and the controls were treated with saline (34
rats/group). The investigator was blinded to the group
allocation during the experiment. After the experiment, the
rats were sacrificed by intraperitoneal injection of pento-
barbital sodium (CAS: 57-33-0, Xiya Reagent, Chengdu,
Sichuan, China) at a dose of 150 mg/kg.

2.2 Hyperthermia-Induced Prolonged FS
We used 15–18 g P9 pups [25]. Same-litter pups were

randomly assigned to control or prolonged FS groups. Pro-
longed FS were established following exposure to hyper-
thermia [2,14]. We prepared a thermostatic heating device
with a closed transparent window to facilitate observation.
The normal body temperature of each pup before model-
ing was recorded, and pups in the prolonged FS group were
put in a thermostatic device (44 ± 0.5 °C) [25]. In accor-
dance with previous reports, once the first FS was evoked,

the pups were removed, left at room temperature for 2 min
[26], then placed back in the thermostatic apparatus. The
second FS continued for 10 min, after which the pups were
again removed for 2 min. The 3rd and 4th FS were per-
formed similarly to the 2nd one. The pups with prolonged
FS received four seizures, and the controls were placed in
the unheated device at the same time. In our study, 316
pups were used, and 6 pups were excluded (3 pups had no
seizures in 55 min and 3 pups died during serious seizures).

2.3 Pharmacological Manipulations
According to our previous studies [12,27], on the 9th

day after birth (P9: the weight of the young rats was ap-
proximately 15–18 g), DM (1.15 g/mL, 0.03 mL/kg; CAS:
108-59-8; Sigma-Aldrich, St. Louis, MO, USA), a com-
petitive inhibitor of SDH, was injected intraperitoneally 15
min before hyperthermia treatment (DM + prolonged FS
group). Instead of DM, saline was injected into the saline
+ prolonged FS group. With the rat-specific fixation de-
vice, P9 young rats were fixed on the stereotactic apparatus
(ZH0003, Zhenghua Biological Instrument Equipment Co.,
Huaibei, Anhui, China); AOA (3.125 μg/μL, 0.53 mL/kg;
CAS: 645-88-5; J&W Pharmlab, Shanghai, China), a spe-
cific MAS blocker, was injected into the right lateral ven-
tricle (anteroposterior, –0.46 mm; mediolateral, 0.81 mm;
and dorsoventral, –1.26 mm) 30 min before hyperthermia
in the AOA + prolonged FS group, and the control group
was treated with saline. In the same way, a specific in-
hibitor of PNC, AICAR (0.15 μg/μL dissolved in saline,
0.53 mL/kg; CAS: 2627-69-2; Acros, Geel, Belgium), was
injected into the right lateral ventricle 60 min before hy-
perthermia (AICAR + prolonged FS group), whereas the
corresponding control group was given saline.

2.4 Electroencephalography (EEG)
We chose the two-month time point to explore the

long-term sequelae induced by early febrile seizures. As in
our previous reports [14], EEG was continuously recorded
at 2 months after prolonged FS treatment using the Power-
Lab system (PL3508, AD Instruments, Bella Vista, NSW,
Australia) through stainless steel electrodes (791500, A.M.
Systems, Sequim, WA, USA) planted in the left cortex
(anteroposterior, –3.2 mm; mediolateral, –3.0 mm; and
dorsoventral, –1.8 mm). Frequency and power spectrum
densities (PSDs) were analyzed. The standard definition of
seizures is multimodal discharge >5 Hz, which is two times
higher than the baseline for ≥3 s duration.

2.5 Succinate Detection
At three time points during hyperthermia treatment

(10 min, 15 min, and the end of prolonged FS mod-
eling), the pups (n = 5/group) were randomly selected
and anesthetized (sodium pentobarbital, i.p., 50 mg/kg,
Xiya Reagent), and the hippocampus and cortex were re-
moved rapidly on ice for succinate colorimetric assessment
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(MAK184, Sigma-Aldrich) using amicroplate reader at 450
nm, as described in our previous reports (three technical
replicates/sample) [12,14].

2.6 Learning and Memory Ability
The Morris water maze test was used to assess the

learning and memory abilities of rats 2 months after pro-
longed FS. The test was divided into a positioning naviga-
tion experiment (days 1–4) and a space exploration experi-
ment (day 5). The tested circular pool included four quad-
rants, and the platformwas placed in one quadrant under the
water level by 1 cm. In the navigation experiment, rats were
allowed to swim for 60 s to find the platform. For the spa-
tial exploration experiment, the platform was removed, the
rat was placed in a circular pool for 60 s, and its swimming
trajectory was recorded. The learning and memory abilities
of rats were evaluated by latency to the platform, cumula-
tive percentage of time in the opposite and target quadrants,
and number of crossings into the target quadrant.

2.7 Immunohistochemistry
Rats (n = 4/group) were randomly selected and anes-

thetized (sodium pentobarbital, 50 mg/kg, Xiya Reagent)
24 h and 3 days after modeling FS. Saline was in-
jected rapidly into the left ventricle, followed by 4%
paraformaldehyde (CAS 30525-89-4, Guoyao Reagent,
Shanghai, China). The brains were fixed in 4%
paraformaldehyde for 24 h, and then cryoprotected with
sucrose solution until they sank. After flash-freezing
the brains in liquid nitrogen, 11 μm thick brain sections
were prepared using a cryostat microtome (CM3050 S,
Leica, Wetzlar, Germany). Immunofluorescence staining
was done as previously described (three technical repli-
cates/sample) [28]. The primary antibodies applied in-
cludedmouse anti-translocase of outer mitochondrial mem-
brane 20 (TOMM20, 1:100; ab56783; Abcam, Cambridge,
UK) and rabbit anti-microtubule-associated protein 1 light
chain 3 beta (LC3B, 1:100; ab48394; Abcam). The sec-
tions were then washed with PBS and incubated with sec-
ondary antibody dilution buffer containing amixture of Cy3
(1:200; A0516; Beyotime, Shanghai, China) or fluorescein
isothiocyanate (FITC, 1:200; abs20003; Absin Bioscience,
Shanghai, China) for 1.5 h in darkness. The sections
were rinsed with PBS and incubated using 4',6-diamidino-
2-phenylindole (DAPI) staining solution (1:3000; C1005;
Beyotime) in darkness for 15 min. Images were viewed
using a fluorescence microscope (Model BX53, Olympus,
Tokyo, Japan) and quantified using ImageJ V.1.37 software
(National Institutes of Health, Bethesda, MD, USA).

2.8 Fluoro-Jade B (FJB) Staining
FJB (AG310-30MG; EMD Millipore, Billerica, MA,

USA) staining served to assess neuronal injury [29]. At
24 h, 3 days, and 2 months after modeling, 4 rats in each
group were randomly selected to prepare 11 μm thick brain

sections as aforementioned. Brain sections were sequen-
tially soaked in 80% ethanol containing 1% NaOH for 5
min, 70% alcohol for 2 min, distilled water for 2 min, and
0.06% potassium permanganate solution for 15 min prior
to distilled water rinsing. Subsequently, brain slices were
immersed in 0.0004% FJB staining solution for 35 min and
washed with distilled water. After drying, the brain slices
were immersed in xylene for 2 min. Images were cap-
tured on a fluorescence microscope (Axio Imager 2, Carl
Zeiss AG, Oberkochen, Germany) under 450 nm excitation
light. Positive signals were counted (three technical repli-
cates/sample).

2.9 Western Blotting

Four rats per group were randomly picked and anes-
thetized at 24 h, 3 days, and 2 months after modeling.
The hippocampus and cortex were separated on ice, and
proteins were extracted. Following protein quantification,
different proteins were resolved on a 12% sodium dode-
cyl sulfate polyacrylamide gel (P0012A; Beyotime, China)
before transfer onto polyvinylidene difluoride (PVDF)
membrane (0.22 μm, Millipore). The membrane was
blocked with 5% skim milk for 2 h, rinsed with tris-
buffered saline with tween 20 (TBST, pH 7.4; CAS 9005-
64-5, MeilunBio, Dalian, Liaoning, China), and incu-
bated with primary antibodies at 4 °C overnight. The
primary antibodies used were rabbit monoclonal LC3B
(1:2000; ab48394, Abcam), caspase-3 (1:1000, 9662, Cell
Signaling Technology, Danvers, MA, USA), activated
caspase-3 (1:1000, ab2302, Abcam), and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH; 1:3000; AB-P-R001,
Kangcheng, Shanghai, China). After washing with TBST,
the membrane was incubated with horseradish peroxidase-
conjugated IgG (goat anti-rabbit, SAB48169, Bio-swamp
Biotechnology, Wuhan, Hubei, China) for 1.5 h at room
temperature, then shaken in TBST on a shaker oscilla-
tor (CS-200, Youning, Hangzhou, Zhejiang, China). The
PVDF membrane was visualized via an Odyssey Fc imag-
ing system (LI-COR Bioscience, Lincoln, NE, USA) with a
developer solution. Grayscale analysis of the target protein
bands was performed using ImageJ software (National In-
stitutes of Health, version 1.37), and the final result was the
ratio of the target protein intensity to that of GAPDH (three
technical replicates/sample).

2.10 ROS Estimation via DCF-DA

Four rats per group were randomly selected and anes-
thetized at 24 h post-modeling. The hippocampus and cor-
tex were isolated on ice and placed in 0.01 M PBS. The
tissue was crushed and filtered with a 200-mesh filter. 2',7'-
dichlorodihydrofluorescein diacetate (10 mM, DCF-DA,
S0033, Beyotime) was added to the filtrate [30]. After in-
cubation at 37 °C for 30 min away from light, the tissue
precipitate was centrifuged and washed for three times, and
then detected with a Fluoroskan FL fluorescence and lu-
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minescence microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA) at excitation and emission wave-
lengths of 470 nm and 525 nm, respectively (three technical
replicates/sample).

2.11 Statistical Analyses
Data were expressed as mean ± SEM and pro-

cessed via SPSS software (version 25.0; IBM, Armonk,
NY, USA). Sample numbers were determined by a pre-
experiment using balanced one-way analysis of variance
(ANOVA). The data met normal distribution and variance
homogeneity. Platform latency in the Morris water maze
test was analyzed using two-way ANOVA. Categorical
analysis among three or more groups was performed us-
ing one-way ANOVA; post-hoc multiple comparisons were
conducted using the Tukey’s method. Comparisons be-
tween two groups were performed using an unpaired t-test.
The significance threshold was defined as p < 0.05.

3. Results
3.1 Elevated Levels of Succinate, Mitophagy and
Oxidative Stress Injury After Prolonged FS

Succinate and DCF levels were measured in the con-
trol and prolonged FS groups. Succinate levels in the pro-
longed FS rats were significantly elevated (cortex, p <
0.001; hippocampus, p < 0.001; Fig. 1A), with increased
levels of DCF in pups treated with prolonged FS (Fig. 1B).
LC3B is an autophagy-associated protein [31]. Western
blotting results indicated increased LC3B levels in pro-
longed FS pups (Fig. 1C,D, the original Western blotting
images are provided in the SupplementaryMaterial-WB).
Immunofluorescence results indicated increased colocal-
ization of TOMM20 and LC3B in the cortex and hippocam-
pus (Fig. 1E–G) after prolonged FS. Most of the over-
lapping signals of LC3B and TOMM20 indicated that au-
tophagy mainly occurred in the mitochondria.

Apoptosis and neuronal injury were also evaluated af-
ter prolonged FS. Western blotting results showed that acti-
vated caspase-3 levels after prolonged FS treatment were
significantly increased (Fig. 1H,I), and caspase-3 levels
were reduced (Fig. 1H,J, the original Western blotting im-
ages are provided in the Supplementary Material-WB).
Neuronal injury was assessed by FJB staining, the results
confirmed increased FJB positive signals in the cortex and
hippocampus (Fig. 1K–M).

3.2 Epileptic Seizures and Weakened Learning and
Memory Abilities After Prolonged FS

EEG was performed to evaluate epileptic seizures 2
months after prolonged FS. The frequency and cumulative
time of epileptic seizures in males and females were ana-
lyzed after prolonged FS, and no differences were found
between them (Fig. 2C,D). Representative EEG and PSD
analyses are presented in Fig. 2A,B.

Moreover, the results of the Morris water maze test
indicated the extended platform latency (female, p = 0.02;
male, p = 0.024; Fig. 2E,F), with reduced target quadrant
frequency (Fig. 2G), target quadrant time (Fig. 2I), and
prolonged opposite quadrant time (Fig. 2H). These results
verified the defective learning and memory abilities of rats
with prolonged FS. A representative trajectory is shown in
Fig. 2J. No significant differences were observed between
females and males.

3.3 DM Treatment Decreased Succinate Levels,
Mitophagy, Oxidative Stress Injury

DM is a competitive inhibitor of SDH [12]. We found
that after the DM intervention, the levels of succinate (Fig.
3A) and DCF (Fig. 3B) in the DM + prolonged FS group
were significantly reduced. Western blotting detection in-
dicated reduced LC3B levels (Fig. 3C,D, the original West-
ern blotting images are provided in the Supplementary
Material-WB) in the DM + prolonged FS group. Im-
munofluorescence staining confirmed a decrease in LC3B
(Fig. 3E,F) and TOMM20 levels (Fig. 3E,G) after DM
treatment.

Moreover, reduced activated caspase-3 levels (Fig.
3H,I, the original Western blotting images are provided in
the Supplementary Material-WB) and increased caspase-
3 (Fig. 3H,J) were found in DM-treated rats, with decreased
FJB signals in brain (Fig. 3K–M). These results indicated
attenuated apoptosis and neuronal injury due to DM treat-
ment.

3.4 DM Treatment Attenuated Seizures and Defective
Learning and Memory Abilities in Prolonged FS-Treated
Rats

The severity of seizures was assessed by EEG in rats
2 months after the DM intervention (Fig. 4A,B). The num-
ber (Fig. 4C) and cumulative time (Fig. 4D) of seizures in
the DM + prolonged FS group significantly decreased. The
water maze test results suggested that in DM + prolonged
FS-treated rats, the prolonged platform latency induced by
prolonged FS was reduced (Fig. 4E), with increased tar-
get zone frequency (Fig. 4F) and target quadrant time (Fig.
4G) and reduced opposite quadrant time (Fig. 4H). A rep-
resentative trajectory is shown in Fig. 4I.

3.5 AOA Treatment Decreased Succinate Levels,
Mitophagy, Oxidative Stress Injury

Administration of AOA, which is a specific inhibitor
of MAS [12], led to decreased succinate (Fig. 5A) and
DCF levels (Fig. 5B). Western blotting revealed reduced
LC3B levels (Fig. 5C,D, the original Western blotting im-
ages are provided in the Supplementary Material-WB).
Immunofluorescence results also confirmed the reduced
TOMM20 and LC3B levels in the hippocampus and cortex
(Fig. 5E–G) after AOA treatment.

Decreased activated caspase-3 levels and increased
caspase-3 levels were found after AOA administration (Fig.
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Fig. 1. Elevated levels of succinate, oxidative stress, mitophagy, and neuronal injury after prolonged FS. Elevated succinate (A)
and DCF (B) in the hippocampus and cortex. (C,D) Gel bands and analysis of LC3B. Immunofluorescence images (E) and immunofluo-
rescence analysis (F,G) of TOMM20 (green) and LC3B (red). DAPI, blue. Gel bands (H) and quantification results (I,J) of caspase-3 and
activated caspase-3 (K–M) FJB staining results. Succinate detection, n = 5/group; the others, n = 4/group. *p < 0.05, **p < 0.01, ***p <
0.001, compared with the controls. DCF, 2',7'- dichlorodihydrofluorescein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PFS,
prolonged febrile seizures; DG, dentate gyrus; PC, piriform cortex; FJB, Fluoro-Jade B; FS, febrile seizures; DAPI, 4',6-diamidino-2-
phenylindole; LC3B, microtubule-associated protein 1 light chain 3 beta; TOMM20, translocase of outer mitochondrial membrane 20.
Scale bar = 50 μm.
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Fig. 2. Epileptic seizures and weakened learning and memory abilities after prolonged FS. (A,B) Representative EEGs and PSD
analysis. (C) Average seizure frequency. (D) Cumulative seizure duration. (E,F) Latency to platform. (G) Target zone frequency. (H)
Opposite quadrant time (%). (I) Target quadrant time (%). (J) Representative tracking. Control groups, female: n = 11, male: n = 11; PFS
groups, female: n = 12, male: n = 12. *p < 0.05, **p < 0.01, ***p < 0.001, compared with control group. EEG, electroencephalography;
PSD, power spectrum density; 2M, 2 months.

5H–J, the original Western blotting images are provided
in the Supplementary Material-WB). FJB staining con-
firmed attenuated neuronal injury (e.g., DG, 24 h, p < 0.001;
PC, 24 h, p = 0.044; Fig. 5K–M) in the AOA + prolonged

FS group compared with the controls. These results indi-
cated that AOA intervention attenuated succinate accumu-
lation, mitophagy, and oxidative stress injury.
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Fig. 3. DM treatment decreased succinate levels, mitophagy, oxidative stress injury. Decreased succinate (A) and DCF (B) levels
in the hippocampus and cortex. (C,D) Decreased LC3B II levels evaluated by Western blotting. (E–G) Immunofluorescence results of
TOMM20 (green) and LC3B (red). DAPI, blue. Gel bands (H) and quantification results (I,J) of caspase-3 and activated caspase-3.
(K–M) FJB staining results. Succinate detection, n = 5/group; the others, n = 4/group. *p < 0.05, **p < 0.01, ***p < 0.001, compared
with the controls. DM, dimethyl malonate. Scale bar = 50 μm.

3.6 AOA Treatment Reduced Seizure Severity and
Defective Learning and Memory Ability in Prolonged
FS-Treated Rats

EEG analysis indicated the decreased cumulative
seizure number and duration in the AOA+ prolonged FS
group (Fig. 6A,B). Water maze detection indicated that
AOA intervention reversed the prolonged platform latency
(Fig. 6C), with the elevation of the target quadrant time
(Fig. 6D) and reduced opposite quadrant time (Fig. 6E). A
representative trajectory is shown in Fig. 6F.

3.7 AICAR Treatment Reduced Succinate Levels,
Mitophagy, Oxidative Stress Injury in Prolonged
FS-Treated Rats

Similar to AOA, the treatment of AICAR, which is the
specific inhibitor of PNC, led to decreased succinate (Fig.
7A) and DCF levels (Fig. 7B). LC3B II levels, detected
by western blotting, were decreased in the hippocampus
and cortex after AICAR treatment (Fig. 7C,D, the orig-
inal Western blotting images are provided in the Supple-
mentary Material-WB). Immunofluorescence confirmed
a reduction in LC3B (Fig. 7E,F) and TOMM20 levels (Fig.
7E,G) after AICAR intervention. Compared with the saline
+ prolonged FS group, activated caspase-3 levels were sig-
nificantly decreased, caspase-3 levels were increased (Fig.
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Fig. 4. DM treatment attenuated seizures and defective learning and memory abilities in prolonged FS-treated rats. (A,B) Repre-
sentative EEGs and PSD analysis. (C) Average seizure frequency. (D) Cumulative seizure duration. (E) Latency to platform. (F) Target
zone frequency. (G) Target quadrant time (%). (H) Opposite quadrant time (%). (I) Representative tracking. n = 12/group. **p < 0.01,
***p < 0.001, compared with the controls, #p < 0.05, ##p < 0.01, ###p < 0.001, compared with each other.

7H–J, the original Western blotting images are provided in
the Supplementary Material-WB). FJB results confirmed
attenuated neuronal injury (Fig. 7K–M) in the AICAR +
prolonged FS group.

3.8 AICAR Treatment Eased Seizure Severity and
Defective Learning and Memory Ability in Prolonged
FS-Treated Rats

EEG assessment indicated that AICAR treatment re-
duced the frequency and cumulative duration of seizures
(Fig. 8A,B). Moreover, the water maze results verified
that the latency to discover the platform in the AICAR +

prolonged FS group was reduced (Fig. 8C), with elevated
target quadrant duration (Fig. 8D) and decreased opposite
quadrant duration (Fig. 8E). A representative trajectory is
shown in Fig. 8F.

4. Discussion
Our study found that succinate levels increased signif-

icantly, accompanied by oxidative stress injury, seizures,
and learning and memory defects, following prolonged
FS. Treatment with the SDH inhibitor DM reduced suc-
cinate levels, accompanied by reduced levels of oxidative
stress injury, attenuated seizures, and learning and mem-
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Fig. 5. AOA treatment decreased succinate levels, mitophagy, oxidative stress injury. Decreased succinate (A) and DCF (B) levels
in the hippocampus and cortex. (C,D) Decreased LC3B II levels assessed by Western blotting. (E–G) Immunofluorescence results of
TOMM20 (green) and LC3B (red). DAPI, blue. Gel bands (H) and quantification results (I,J) of caspase-3 and activated caspase-3.
(K–M) FJB staining results in the DG and PC. Succinate detection, n = 5/group; the others, n = 4/group. *p < 0.05, **p < 0.01, ***p <
0.001, compared with the controls. AOA, aminooxyacetic acid. Scale bar = 50 μm.

ory deficits. Treatment with AICAR and AOA, inhibitors
of PNC and MAS, respectively, played similar protective
roles, accompanied by decreased succinate levels.

In this study, elevated succinate levels were observed
after prolonged FS. As a butene diacid isomer, succinate has
a structure similar to that of GABA and glutamate [32], and
participates in the glutamate-GABA shunt and TCA cycle
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Fig. 6. AOA treatment reduced seizure severity and defective learning and memory ability in prolonged FS-treated rats. (A)
Average seizure frequency. (B) Cumulative seizure duration. (C) Latency to platform. (D) Target quadrant time (%). (E) Opposite
quadrant time (%). (F) Representative tracking. n = 12/group. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the controls, #p <
0.05, ##p < 0.01, compared with each other.

[33]. Succinate, GABA, and glutamate are mutually trans-
formed via catalysis by specific enzymes [34]. Moreover,
previous studies have confirmed that succinate may directly
activate NMDA receptors and that succinate accumulation
can trigger seizures through post-synaptic excitatory ef-
fects [8]. Succinate-triggered seizures are fully suppressed
by treatment with MK-801, an NMDA receptor antago-
nist [8,35]. Moreover, our previous research verified that
succinate accumulation promotes kainic acid-induced sta-
tus epilepticus and that succinate treatment induces seizures
in normal rats [12].

Hyperexcitability is an important pathological feature
of both FS and epileptic seizures. Considering the exci-
tatory actions of succinate and its accumulation following
prolonged FS, we have reason to speculate that succinate
accumulation contributes to prolonged FS-induced epilep-
togenesis and excitatory toxicity damage. Our experiments
confirmed this hypothesis. Reducing succinate levels sig-
nificantly attenuated epileptic seizures and neuronal dam-
age.

Overexcitation can cause mitochondrial dysfunction
[36]. Dysfunctional mitochondria produce more ROS,

leading to oxidative stress, as well as increased cytoplasmic
Ca2+ ([Ca2+]i) concentration and glutamate release [37],
which further induces excessive ROS production [38], ag-
gravates oxidative stress-induced neuronal injury, and trig-
gers seizures [38,39]. Consistent with the findings of previ-
ous studies, prolonged FS-induced seizures were alongwith
significant oxidative stress injury in our study.

Succinate accumulation is closely related to ROS pro-
duction. The oxidation of succinate provides a sufficiently
high mitochondrial membrane potential for catabolism, re-
sulting in the formation of excess ROS [40], leading to ox-
idative stress and neuronal injury [22]. These pathological
changes are characteristic of epilepsy and play critical roles
in epileptogenesis [41]. Therefore, succinate accumulation
may promote the progression of FS to epilepsy via excess
ROS production.

There are multiple electron transport chains to pro-
duce mitochondrial ROS, including complexes I-III [15].
Succinate drives reverse electron transport in complex I,
which is critical for producing mitochondrial ROS [10,42].
SDH (complex II) is a succinate catalytic enzyme. Nor-
mally, succinate is oxidized to fumarate by SDH to main-
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Fig. 7. AICAR treatment reduced succinate levels, mitophagy, oxidative stress injury in prolonged FS-treated rats. Decreased
succinate (A) and DCF (B) levels in the hippocampus and cortex. (C,D) Decreased LC3B II levels assessed by Western blotting. (E–G)
Immunofluorescence results of TOMM20 (green) and LC3B (red). DAPI, blue. Gel bands (H) and quantification results (I,J) of caspase-
3 and activated caspase-3. (K–M) FJB staining results in the PC and DG. Succinate detection, n = 5/group; the others, n = 4/group. *p
< 0.05, **p < 0.01, ***p < 0.001, compared with the controls. AICAR, 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside. Scale
bar = 50 μm.

tain mitochondrial ROS homeostasis [22]. However, in
rats with ischemia-reperfusion injury, the reverse catalysis
of SDH can cause succinate accumulation. Furthermore,

accumulated succinate is re-oxidized and excess ROS is
generated via reverse electron flow; decreasing succinate
levels with SDH inhibitors leads to reduced mitochondrial
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Fig. 8. AICAR treatment eased seizure severity and defective learning and memory ability in prolonged FS-treated rats. (A)
Average seizure frequency. (B) Cumulative seizure duration. (C) Latency to platform. (D) Target quadrant time (%). (E) Opposite
quadrant time (%). (F) Representative tracking. n = 12/group. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the controls, #p <
0.05, compared with each other.

ROS production and attenuated oxidative stress-induced
neuronal injury [10,23,42]. Consistent with previous re-
ports, our study confirmed succinate accumulation follow-
ing prolonged FS, with significantly increased mitochon-
drial ROS levels and neuronal damage [43]. Moreover,
administration of DM, an SDH inhibitor, reduced succi-
nate levels and attenuated oxidative stress injury. Our re-
sults suggest that the reversed catalysis of SDH may partic-
ipate in succinate accumulation and that reducing succinate
levels by inhibiting SDH may attenuate prolonged febrile
seizures (PFS)-induced oxidative stress damage.

Interestingly, studies have confirmed that administra-
tion of SDH inhibitors leads to a considerable increase in
succinate levels, with evoked seizures and neurotoxic ef-
fects [44,45]. It is reasonable to speculate that the different
effects of the inhibitor may be determined by the functional
status of SDH. In normal animals, SDH catalyzes succinate
to fumarate, and treatment with its inhibitor induces suc-
cinate accumulation and neurotoxic effects [44,45]. How-
ever, in reverse catalysis of SDH, an inhibitor can reduce
succinate levels and attenuate neurotoxicity.

Previous studies have identified possible sources of
fumarate in the fumarate-succinate reverse catalysis path-

way, including PNC and MAS, wherein fumarate is pro-
duced with a high NADH/NAD+ ratio [46,47]. Subse-
quently, fumarate is reverse catalyzed by SDH, resulting
in succinate accumulation [10]. In the present study, mul-
tiple inhibitors targeting PNC and MAS were administered
to rats with prolonged FS. Similar to the role of SDH in-
hibitors, inhibition of the PNC or MAS pathway resulted
in reduced succinate levels, accompanied by attenuated
seizures and neuronal injury. Our results demonstrated a
possible route for succinate accumulation during prolonged
FS. This was mainly due to the reverse catalysis of SDH-
targeting fumarate, which was supplemented by PNC and
MAS.

5. Conclusions
FS has a high incidence in childhood and may have se-

rious consequences including neuronal injury and epilepsy
[1]. In clinical practice, approximately 13% of epilepsy pa-
tients have a history of FS [48]. Moreover, current anti-
seizure drugs may aggravate the neurological deficits in-
duced by FS [6]. An unsatisfactory therapeutic status is
closely related to unclear mechanisms of FS. Our results
indicate that increased succinate levels promote prolonged
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FS-induced oxidative stress injury and epileptogenesis and
that reducing succinate accumulation may be a potential
method for prolonged FS treatment. We also explored the
underlyingmechanisms and sources of succinate accumula-
tion. Considering that succinate plays complex roles at the
crossroads of several metabolic pathways [22], further re-
search is expected to confirm the cell types of succinate ac-
cumulation, and elucidate the different biological functions
in different neural cells, to enrich the cell-specific mecha-
nism in FS-induced epileptogenesis.
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