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Attenuated succinate accumulation relieves neuronal injury
induced by hypoxia in neonatal mice
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Hypoxia causes neonatal neuronal damage. However, the underlying mechanism remains unclear. This study aimed to explore the
changes in succinate levels and identify the mechanisms underlying their contribution to hypoxia-induced damage in newborn
mice. The neonatal C57BL/6J mouse hypoxia model was used in our study. We evaluated the levels of succinate, iron, reactive
oxygen species (ROS), and mitochondrial ROS, and assessed mitophagy, neuronal damage, and learning and memory function, after
hypoxia treatment. The neonatal mice showed increased succinate levels in the early hypoxia stage, followed by increased levels of
oxidative stress, iron stress, neuronal damage, and cognitive deficits. Succinate levels were significantly reduced following
treatment with inhibitors of succinate dehydrogenase (SDH), purine nucleotide cycle (PNC), and malate/aspartate shuttle (MAS),
with the corresponding attenuation of oxidative stress, iron stress, neuronal damage, and cognitive impairment. Reversal catalysis
of SDH through fumarate from the PNC and MAS pathways might be involved in hypoxia-induced succinate accumulation.
Succinate accumulation in the early period after hypoxia may crucially contribute to oxidative and iron stress. Relieving succinate
accumulation at the early hypoxia stage could prevent neuronal damage and cognitive impairment in neonatal hypoxia.
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INTRODUCTION
Hypoxia is the main cause of hypoxic-ischemic encephalopathy. In
the neonatal period, hypoxia may cause neuronal damage, brain
dysfunction, epilepsy, impaired consciousness, and learning and
memory deficits [1, 2]. Therefore, there is a need to identify the
potential mechanisms and strategies for preventing neonatal
hypoxia-induced brain damage.
Neonatal hypoxia leads to active oxygen accumulation [3]. The

brains of newborns are vulnerable to oxidative stress, which is a
critical contributor to brain damage [4]. Reactive oxygen species
(ROS) and mitochondrial ROS (mito-ROS) could cause neuronal
damage [2, 5, 6]. For example, in neonatal hypoxic-ischemic
encephalopathy, excitatory amino acids, including glutamate and
aspartic acid, activate N-methyl-D-aspartate (NMDA) receptors to
extensively produce ROS and mito-ROS, which causes hypoxic-
ischemic brain damage [7]. Moreover, severe oxidative stress,
mitochondrial dysfunction, and neuronal damage have been
observed in overexcitation-induced epilepsy and seizures [8, 9].
After perinatal hypoxia, the neonatal brain undergoes neuro-

toxic events that are closely related to ROS production, including
glutamate release and NMDA receptor activation [10, 11]. Over-
excitation resulting from NMDA receptor activation causes
mitochondrial dysfunction [12]. Mitochondria are the main source
of intracellular ROS [13]. ROS are mainly produced by mitochon-
drial defects [14, 15], which was first observed in patients with
hereditary mitochondrial disease and epilepsy [16]. A subsequent
study showed that hypoxia partially inhibits mitochondrial

electron transport and generates a redox reaction in the electron
carrier, and therefore increases ROS production [17].
Succinate accumulation, a critical contributor to the Krebs

cycle and glutamate-GABA shunt [18], is closely associated with
NMDA receptor activation and oxidative injury. Succinate
accumulation induces mitochondrial ROS production, oxidative
stress, and neuronal damage [19]. Moreover, succinate has
excitatory effects. Succinate treatment causes convulsions in
mice [20]. NMDA receptors are involved in oxidative damage
caused by succinate accumulation [21]. MK-801 (an NMDA
receptor antagonist) attenuates convulsions and oxidative
damage caused by succinate accumulation [21]. Hypoxia causes
glutamate release and NMDA receptor activation [22]. Further,
excessive succinate levels have been observed in the cerebral
cortex of rats after hypoxia [23]. Therefore, succinate accumula-
tion might participate in hypoxia-induced oxidative stress and
neuronal injury by overexcitation.
Iron accumulation is closely associated with oxidative stress

and NMDA receptor activation, all of which contribute to
neuronal damage [24]. Hypoxia exposes the developing brain
of newborns to oxidative stress [25]. Iron regulatory protein 1
(IRP1) acts as an ROS sensor. Excessive ROS levels activate IRP1
that results in increased expression of the transferrin receptor
(TfR) and divalent metal transporter 1 (DMT1). These promote
iron uptake under conditions of iron deficiency, eventually
resulting in increased iron levels [26, 27]. Additionally, the
nervous system is rich in free iron, which gets exposed to the
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accumulated H2O2 produced because of hypoxia. Numerous
highly reactive hydroxyl radicals are generated through the
Fenton reaction, which destroy lipids and DNA [28], and
therefore increases cytotoxicity [3]. Additionally, perinatal
hypoxia can trigger glutamate release, NMDA receptor activa-
tion, and energy failure [10, 11]. Furthermore, glutamate-induced
excitotoxicity disturbs the iron metabolism system, including iron
ion transporters, exporters, and storage proteins [29]. Activated
NMDA receptors upregulate DMT1 expression and increase iron
inflow, which causes excessive iron accumulation. This leads to
superfluous ROS production through the Fenton reaction [28].
Accordingly, there is an established promoting effect between
excessive ROS and iron.
Taken together, iron stress and oxidative stress may be involved

in succinate accumulation in neonatal hypoxia-induced neuronal
damage. Accordingly, the purpose of our study is to explore the
possible roles, mechanisms, and sources of succinate accumula-
tion in hypoxia-induced neuronal injury in neonates.

MATERIALS AND METHODS
Animals
C57BL/6J mice (Certificate No. 20190003; Pengyue Experimental Animal
Co. Ltd, Jinan, China) at 20 days gestation were placed in a separate cage
in 12-h light/dark cycles at constant temperature (22 ± 1 °C), with water
and food ad libitum. Experiments were conducted on postnatal day 7 (P7)
in C57BL/6J pups. Experiments were conducted according to the ethical
guidelines of the Binzhou Medical University Animal Experimentation
Committee (approval no. 2019012), the Helsinki Declaration of 1975, and
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 8023, revised 1996). All relevant experiments
minimized the number and suffering of the animals. In total 484 C57BL/6J
mice were used. During the experiment, the data acquisition and analysis
were blinded.

Hypoxia-induced seizures
P7 pups from the same litter were randomly divided into control, hypoxia, and
intervention groups. Pups weighing less than 2 g were excluded. Hypoxia
treatment of P7 pups was performed as previously described [30–32].
As previously described, 5% oxygen/95% nitrogen (Rulin Gas Ltd., China)

[32, 33] was used in the hypoxic group (n= 10) for 15min. The control
group was exposed to 21% oxygen/79% nitrogen (n= 10) for 15min.

Pharmacological manipulations
According to the previous reports [19], the competitive succinate
dehydrogenase (SDH) inhibitor, dimethylmalonate (DM; CAS, 136441-
250 G; 1.15 g/ml dissolved in saline, 1 ml/kg; Sigma-Aldrich, USA), was
intraperitoneally injected 15min before hypoxic treatment in the hypoxia
+ DM group (n= 10). Additionally, the hypoxia + saline group was treated
using saline before hypoxia (n= 10). As an inhibitor of the malate/
aspartate shuttle (MAS), aminooxyacetate acid (AOA; CAS, 15R0027H;
6.25 μg/μl in saline, 1 ml/kg; J&W Pharmlab, Shanghai, China) was
microinjected into the lateral ventricle 30min before hypoxia treatment
(hypoxia + AOA group, n= 12); the hypoxia + saline group was treated
with saline (n= 10). Additionally, 5-aminoimidazole-4-carbox-amide-1-b-D-
ribofuranoside (AICAR; CAS, 01177254; 0.3 μg/μl in saline, 1 ml/kg; Acros,
Belgium), a specific inhibitor of the purine nucleotide cycle (PNC), was
microinjected into the lateral ventricle 60min before hypoxic inhalation in
the hypoxia + AICAR treatment group (n= 8); the hypoxia + saline group
received saline (n= 8).

Succinate detection
Five mice from each group underwent anesthesia and brain extraction at
5min, 30min, and 1 h after hypoxia treatment. The cortex and hippocampus
were separated and used for succinate colorimetry (MAK184, Sigma-Aldrich,
USA) to measure succinate levels, as previously described [19].

Dichlorodihydrofluorescein (DCF) assay
As previously described [19], the cortex and hippocampus were obtained
from five mice at 30min, 24 h, 3 days, and 2 months after hypoxia [32],

followed by preparation of a 250-μl single-cell suspension. The cells were
incubated with DCFH-DA (P0011, Beyotime Institute of Biotechnology,
Shanghai, China). Fluorescence intensity was detected by a fluorescence
microplate reader (Thermo, USA), with excitation and emission wave-
lengths of 488 nm and 525 nm, respectively.

Determination of mitochondrial ROS
As previously described [2], the cortex and hippocampus were obtained
from five mice per group at 30min, 24 h, 3 days, and 2 months after
hypoxia, respectively, followed by preparation of a 250 μl single-cell
suspension. Next, 1 ml mito-SOX working solution (M36008, 5 μM, Thermo
Fisher, USA) was added to the single-cell suspension. Measurements were
performed at excitation and emission wavelengths of 510 nm and 580 nm,
respectively, with a flow cytometer (Becton, Dickinson and Company, USA)
and fluorescence microplate reader (Thermo, USA), respectively.

Iron content detection
As previously described [2], the hippocampus and cortex were obtained
from five mice at 30min, 24 h, 3 days, and 2 months after hypoxia.
Subsequently, the iron content in the tissues was measured using the iron
content detection kit (DIFE008, Bioassay Systems, USA).

Learning and memory ability
Morris water maze test was used to assess spatial learning and memory
1.5 months after hypoxia treatment (ZS-001, Zhongshi Di Chuang, Beijing,
China) [34]. Details regarding the Morris water maze test have been
previously described [2]. In this test, we measured the latency to finding
the platform, the cumulative number of passing over the platform, the
target percentage, and opposite quadrant time [35, 36].

Fluoro-Jade B (FJB) staining
FJB staining was used to evaluate neuron injury [37]. As previously
described [2], the FJB kit (AG310, Millipore, Burlington, MA, USA) was used
to detect neuronal damage in five mice per group. The positive signals
were manually counted under a non-fluorescent microscope [38].

Western blot analysis
As previously described [2], at 24 h, 3 days, and 2 months after hypoxia, we
extracted proteins with a commercial extraction reagent kit (Beyotime
Institute of Biotechnology, China). Anti-rabbit FPN1 (1:2000, ab58695, UK),
IRP1 (1:1000, ab236773, Abcam, UK), LC3B (1:2000; ab48394, Abcam, UK),
caspase-3 (1:1000, 9662, Cell Signaling Technology, USA), activated caspase-
3 (1:1000, ab2302, Abcam, UK), and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; 1:3000; AB-P-R001, Kangcheng, Zhejiang, China) antibodies
were used for western blotting analysis, based on chemiluminescent
luminescent image analysis (ImageQuant LAS 500, USA). Grayscale analysis
was performed on the target band using Image J (version 1.37, National
Institutes of Health, Bethesda, MD), and the results are expressed as a ratio of
the optical density of the target protein band to that of GAPDH.

Immunohistochemistry
As previously described [2], tissue slices obtained at 24 h, 3 days, and
2 months from each group underwent immunohistochemical staining with
IRP1/DMT1/DAPI and LC3B/TOMM20/DAPI. The primary antibody mixture
included anti-rabbit IRP1 (1:200, ab236773, Abcam, UK), LC3B (1:200,
ab48394, Abcam, UK), anti-mouse TOMM20 (1:200; ab56783, Abcam, UK),
and DMT1 (1:200, ab55735, Abcam, UK). Images were observed with a
fluorescence microscope (Olympus, Japan), and quantified with ImageJ
V.1.37 software (National Institutes of Health, Bethesda, MD, USA).

Electron microscopy
As previously described [2], two mice were randomly selected for cardiac
perfusion. Further, the entorhinal cortex (EC) and dentate gyrus (DG) in
these mice were obtained 2 months after hypoxia treatment. Uranyl
acetate and lead citrate solution were used for double staining. Images
were obtained with a transmission electron microscope (ZEISS, Germany).

Statistical analyses
Data are presented as mean ± SD. Statistical tests were justified for every
figure, and the data met normal distribution and variance homogeneity.
Statistical comparisons were carried out with SPSS (version 25.0; SPSS
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Inc., USA). Based on the data obtained from the pre-experiment, the
sample size was estimated using a balanced one-way ANOVA. The
platform latency in the Morris water maze was analyzed by two-way
analysis of variance (ANOVA), and other data were analyzed by one-way
ANOVA with Dunnett’s T3 post-hoc test. P < 0.05 was considered
statistically significant.

RESULTS
Increased levels of succinate, DCF, mito-SOX, and iron after
hypoxia treatment
Succinate levels increased significantly in the cortex and
hippocampus at 5 min and 30min after hypoxia administration
(Fig. 1A, B). However, compared with control, there was no
significant difference at 1 h (cortex, P= 0.803, Fig. 1A; hippocam-
pus, P= 0.350, Fig. 1B). Moreover, DCF levels were increased
significantly after 30min of hypoxia administration (cortex, P=
0.007, Fig. 1C; hippocampus, P= 0.004, Fig. 1D), as well as at 24 h,
3 days, and 2 months (Fig. 1C, D). Mito-SOX levels showed similar
changes to DCF levels (Fig. 1G, H). Figure 1E, F present the mito-
SOX levels detected by flow cytometry.
Moreover, we evaluated the levels of iron and iron-related

proteins after hypoxia treatment. Immunohistochemistry analy-
sis revealed increased fluorescence intensity of DMT1 and IRP1
in the hippocampus, EC, and piriform cortex (PC) from 24 h
onwards. Figure 1I–P shows changes in the DG and EC at 3 days
after hypoxia. Western blot analysis revealed increased IRP1
levels (Fig. 1Q, S) and decreased FPN1 levels (Fig. 1R, S) in the
cortex and hippocampus from 24 h after hypoxia treatment.
Moreover, there were significantly increased iron levels in the
cortex and hippocampus from 30 min after hypoxia treatment
(Fig. 1T, U).

Increased mitophagy and neuronal injury after hypoxia
treatment
There was significantly increased fluorescence intensity of LC3B/
TOMM20 in the hippocampus, EC, and PC from 24 h after hypoxia
treatment (e.g., EC, P < 0.001, Fig. 2A–J; DG, P < 0.001, Fig. 2G, H).
Moreover, the most positive LC3B signals overlapped with
TOMM20, which is the mitochondrial marker [39] (Fig. 2A–F).
The spatial and temporal overlaps of LC3B and TOMM20 have
been preliminary analyzed (Fig. 2I, J). The results indicate that
mitophagy might be the chief form of increased autophagy.
Western blotting also revealed increased LC3B levels in the
hippocampus and cortex after hypoxia treatment (Fig. 2K, L).
Western blotting was used to evaluate hypoxia-induced

changes in apoptosis. There were increased levels of activated
caspase-3 (Fig. 2M, O), and reduced levels of caspase-3 (Fig. 2N, O)
from 24 h after hypoxia treatment. Moreover, there was significant
neuronal damage in the hippocampus, EC, and PC using FJB
staining (e.g., DG, P < 0.001; EC, P < 0.001; Fig. 2Q–U). Figure 2P
presents representative changes in neuronal damage detected by
transmission electron microscopy.

DM treatment reversed succinate accumulation, oxidative
stress, and iron stress induced by hypoxia treatment
DM, which is an SDH inhibitor, was used to evaluate the possible
roles and sources of succinate accumulation. Succinate levels were
reduced (Fig. 3A, B), with accompanying decreases in DCF (Fig. 3C,
D) and mito-SOX levels (Fig. 3E–H), in the cortex and hippocampus
of DM-treated mice compared with saline-treated controls.
The results of immunohistochemistry suggested that DM

intervention significantly reduced IRP1 (e.g., DG, P < 0.001,
Fig. 3I, L,O; EC, P < 0.001, Fig. 3O) and DMT1 levels (Fig. 3J, M, P)
in the cortex and hippocampus at 3 days after hypoxia. A similar
reduction was found at the 24 h time point (data not shown).
Western blotting analysis also revealed decreased IRP1 levels in
the cortex and hippocampus (Fig. 3S, Q), with accompanying

increased FPN1 levels (Fig. 3S, R) after DM treatment. Moreover,
the increased iron levels from 30min after hypoxia treatment
were significantly reduced in DM intervention mice (Fig. 3T, U).

DM reversed the increased mitophagy, neuronal damage, and
cognitive deficits induced by hypoxia treatment
Immunohistochemistry revealed significantly attenuated LC3B/
TOMM20 levels in DM-treated mice than in saline-treated mice
from 24 h after hypoxia treatment (Fig. 4A–H; Supplementary Fig.
2C, D). Additionally, western blotting confirmed reduced LC3B
levels in DM-treated mice than in saline-treated mice at 24 h and
3 days after hypoxia (Supplementary Fig. 2A, B).
Accompanying the increased mitophagy levels, there were

significantly lower activated caspase-3 levels at 24 h and 3 days
(Fig. 4I, K) in DM-treated mice than in saline-treated mice.
Meanwhile, caspase-3 levels were elevated (Fig. 4J, K). FJB staining
results revealed significantly reduced neuronal damage in the
hippocampus, PC, and EC due to DM treatment (e.g., DG, P < 0.001;
EC, P < 0.001; Fig. 4L-N).
Cognitive abilities were evaluated by the Morris water maze at

1.5 months after hypoxia. Hypoxia administration caused cogni-
tive defects. There was a prolonged latency to find the platform (P
< 0.001, Fig. 4O), and an increase in opposite quadrant time (P <
0.001, Fig. 4R), with an accompanying reduction in target quadrant
time
(P < 0.001, Fig. 4Q), and number of platform crossings (P < 0.001,
Fig. 4P). However, hypoxia-induced learning and memory defects
were attenuated by DM treatment. For example, there was a
reduced latency to find the platform (P < 0.001, Fig. 4O), an
increase in number of platform crossings (P= 0.009, Fig. 4P),
reduced percentage in the opposite quadrant time (P= 0.011,
Fig. 4R), and increased percentage in the target quadrant time
(P < 0.001, Fig. 4Q). Figure 4S shows representative space
exploration trajectories.

AOA treatment reversed succinate accumulation, oxidative
stress, and iron stress induced by hypoxia treatment
In AOA-treated mice, there were significantly reduced levels of
succinate (Fig. 5A, B), DCF (Fig. 5C, D), and mito-SOX (Fig. 5E–H) in
the hippocampus and cortex. Figure 5I–P shows reduced DMT1
and IRP1 immunoreactivity in the DG and EC in AOA-treated mice.
Immunohistochemistry detection revealed a similar reduction in
other subregions of the hippocampus and PC (data not shown).
Western blotting analysis confirmed reduced IRP1 levels
(Fig. 5Q, S) and increased FPN1 levels (Fig. 5R, S) in AOA-treated
mice. Additionally, AOA intervention reduced iron levels (Fig. 5T,
U), which were increased after hypoxia treatment.

AOA treatment reversed the hypoxia-induced increase in
mitophagy, neuronal injury, and cognitive deficits
AOA-treated mice showed significantly reduced LC3B/TOMM20
immunoreactivity in the cortex and hippocampus (e.g., DG and
EC, Fig. 6A–H; Supplementary Fig. 3C, D). Western blotting
results also confirmed the reduced LC3B levels (Supplementary
Fig. 3A, B). Moreover, western blotting results revealed
significantly decreased activated caspase-3 levels (Fig. 6I, K)
and increased caspase-3 levels (Fig. 6J, K) after AOA treatment,
which was accompanied by attenuated neuronal damage as
shown by FJB staining (Fig. 6L–N). In the Morris water maze test,
AOA-treated mice showed significantly improved learning and
memory abilities than saline-treated mice (hypoxia + saline
group; Fig. 6O–S).

AICAR treatment reversed succinate accumulation, oxidative
stress, and iron stress induced by hypoxia treatment
Similar to DM- and AOA-treated mice, compared with saline-treated
mice (hypoxia + saline group), AICAR-treated mice showed
significantly reduced levels of succinate (Fig. 7A and B), DCF
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(Fig. 7C and D), and mito-SOX (7E-H) in the hippocampus and cortex.
Moreover, results of immunohistochemistry confirmed that AICAR
treatment decreased immunoreactivity of DMT1 and IRP1 in the DG
and EC (Fig. 7I-P), as well as in the other subregions of hippocampus
and PC (data not shown). Additionally, western blotting analysis
revealed that AICAR-treated mice showed decreased IRP1 levels
(Fig. 7Q and S) and increased FPN1 levels (Fig. 7R and S).
Additionally, AICAR-treated mice showed decreased iron levels than
that in saline-treated mice (Fig. 7T and U).

AICAR reversed the increased mitophagy levels, neuronal
injury, and cognitive deficits induced by hypoxia treatment
A significantly reduced fluorescence intensity of LC3B/TOMM20 in
the hippocampus and cortex due to AICAR treatment was
observed (e.g. DG and EC; Fig. 8A–H; Supplementary Fig. 4C, D).
Western blotting analysis confirmed reduced LC3B levels in AICAR-
treated mice compared to saline-treated mice (Supplementary Fig.
4A, B). Moreover, AICAR-treated mice showed decreased activated
caspase-3 levels (Fig. 8I, K) and increased caspase-3 levels

Fig. 1 Increased levels of succinate, DCF, mito-SOX, and iron after hypoxia treatment. Increased levels of succinate (A, B), DCF level (C, D),
and mito-SOX (G, H) in the hippocampus and cortex in hypoxia-induced seizure. E, F Flow cytometry-based quantification of hippocampal
mito-SOX level. I–N Increased immunoreactivity of IRP1 (red), DMT1 (green) in the DG region after hypoxia. Blue, DAPI. O, P Quantified
changes of IRP1 and DMT1 in the EC and DG. Bar = 50 μm. Q–S Levels of IRP1 and FPN1 in the hippocampus and the cortex estimated using
western blotting. n= 5/group. T, U Levels of iron (n= 5 per time point). *P < 0.05, **P < 0.01, and ***P < 0.001, all compared with controls
(One-way ANOVA).
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(Fig. 8J, K). Additionally, AICAR-treated mice showed significantly
decreased FJB-positive signals than saline-treated mice (Fig. 8L–P).
Further, AICAR treatment improved learning and memory impair-
ment (Fig. 8Q–U).

DISCUSSION
This study investigated the pathogenesis of neonatal hypoxia and
found that, in the early period after hypoxic insult, there were
significantly increased succinate levels, iron levels, oxidative stress,
with accompanying neuronal damage and cognitive defects.
Inhibitors of SDH (DM), MAS (AOA), or PNC (AICAR) could

attenuate succinate accumulation, while also attenuating the
oxidative and iron stress, neuronal damage, and learning and
memory defects caused by the hypoxic insult.
Neonatal hypoxia induces increased ROS production, which

generates superoxide and further damages lipids and DNA,
eventually causing neuronal damage by activating the calpain
and caspase-3 pathways [40–43]. Additionally, ROS accumula-
tion destroys intracellular Ca2+ homeostasis, and therefore
regulates neuronal excitability and transmission, which makes
neurons more prone to damage [43]. Excessive Ca2+ accumula-
tion promotes mitochondrial dysfunction [44], which further
increases ROS production [45] and promotes brain damage [46].

Fig. 2 Increased mitophagy and neuronal injury after hypoxia treatment. A–F Increased immunoreactivity of LC3B (red) and TOMM20
(green) in the EC region after hypoxia. Blue, DAPI. G, H Quantification of LC3B and TOMM20 fluorescence intensity in DG and EC. Bar = 50 μm.
I, J Plots of pixel intensity of LC3B and TOMM20. The levels of LC3B (K, L), activated caspase-3 and caspase-3 (M–O) in the hippocampus and
cortex detected by western blotting. P Neurons in the DG observed with transmission electron microscopy. Q–U Positive FJB signals in DG and
EC in each group after hypoxia. Bar = 50 μm, n= 5/group. **P < 0.01, and ***P < 0.001, all compared with controls (One-way ANOVA).
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We previously confirmed that neonatal hypoxia induces
oxidative stress, neuronal damage, and impaired cognitive
function [2, 32].
Mitochondria are responsible for > 90% of ROS production

[47–49]. Due to massive consumption of oxygen, mitochondria
are susceptible to oxidative stress. A large amount of ROS is
produced in damaged neurons due to hypoxia treatment and
subsequently causes mitochondrial oxidative stress [2]. Con-
versely, the damage of mitochondria would lead to a decrease in

mitochondrial membrane potential and produce a lot of ROS
[47, 49, 50]. An increasing number evidence shows the
relationship between mitochondrial oxidative stress and
hypoxia-induced neuronal injury [51]. Consistent with previous
reports, we found that neonatal hypoxia increased mitochon-
drial ROS levels and mitophagy, along with neuronal damage
and cognitive dysfunction.
There is a direct dynamic relationship between oxidative stress

and iron stress [52]. Excessive ROS promotes iron accumulation by

Fig. 3 DM reversed the succinate accumulation, oxidative stress, and iron stress induced by hypoxia treatment. Decreased levels of
succinate (A, B), DCF (C, D), and mito-SOX (G, H) in the hippocampus and cortex in DM-treated mice. E, F Flow cytometry-based quantification
of hippocampal mito-SOX level. I–N Decreased immunoreactivity of IRP1 (red) and DMT1 (green) in the DG region after DM treatment. Blue,
DAPI. O, P Changed levels of IRP1 and DMT1 in the EC and DG. Bar = 50 μm. Q–S Expression of IRP1 and FPN1 in the hippocampus and cortex
estimated using western blotting. n= 5/group. T, U Levels of iron (n= 5 per time point). *P < 0.05, **P < 0.01, and ***P < 0.001, all compared
with hypoxia + saline group (One-way ANOVA).
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activating IRP1 [26, 27]. IRP1 maintains intracellular iron home-
ostasis by regulating DMT1 and FPN1 [53]. IRP1 and DMT1 could
be crucially involved in iron influx in the brain [54], and FPN1 is a
vital iron export protein found in mammals [55, 56]. Additionally,
the accumulated iron is involved in the Fenton reaction to
produce excessive ROS, trigger oxidative stress, and ultimately
cause neuronal damage [57, 58]. Consistent with previous reports,
we observed altered levels of iron-related proteins and iron
accumulation, which was accompanied by oxidative stress and

neuronal injury. These results suggest a close relationship and
synergetic contribution between oxidative stress and iron stress in
neonatal hypoxia.
There is a close correspondence between succinate accu-

mulation and ROS production [19, 21]. Physiologically, succi-
nate is metabolized via the fumarate-malate-oxaloacetate
pathway by SDH to maintain mitochondrial homeostasis
[59, 60]. Under pathological conditions, reverse SDH catalysis
causes succinate accumulation, which is then reoxidized and

Fig. 4 DM reversed the increased mitophagy, neuronal damage, cognitive deficits induced by hypoxia treatment. A–F Decreased
immunoreactivity of LC3B (red), TOMM20 (green) in the EC after DM treatment. Blue, DAPI. G, H Fluorescence intensity of LC3B and TOMM20
in DG and EC. I–K The expression of activated caspase-3 and caspase-3 in the cortex and hippocampus detected by western blotting. L–N
Positive FJB signals in DG and EC in each group. Bar = 50 μm, n= 5/group. O Latency to the platform (Two-way ANOVA). P Frequency of
platform crossings. Q Target quadrant time (%), and (R) Opposite quadrant time (%). S Representative tracking. **P < 0.01, and ***P < 0.001, all
compared with controls (One-way ANOVA). #P < 0.05, ##P < 0.01, and ###P < 0.001, compared with that in hypoxia+saline group (One-way
ANOVA with Dunnett’s T3 post-hoc test).
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causes excessive mitochondrial ROS production [61, 62]. There-
fore, reversal SDH catalysis is a vital source of succinate
accumulation and mitochondrial ROS [17]. Fumarate, which is
reverse catalyzed by SDH, is mainly produced through two
main pathways [19]; namely, the MAS and PNC pathways
[63–66]. Both pathways contribute to succinate accumulation
under reverse SDH catalysis [61]. We found increased succinate
levels in the early period after hypoxia treatment, which was

followed by oxidative stress, iron accumulation, and neuronal
injury. Reduced succinate accumulation attenuates oxidative
and iron stress, accompanied by attenuated neuronal injury.
This suggests that succinate accumulation in the early period
after hypoxia is crucially involved in initiating oxidative stress,
iron stress, and neuronal injury. Additionally, the inhibitors of
SDH, MAS, or PNC reduced hypoxia-induced succinate accu-
mulation. This suggests that hypoxia-induced succinate

Fig. 5 AOA reversed the succinate accumulation, oxidative stress, and iron stress induced by hypoxia treatment. Decreased levels of (A, B)
succinate, (C, D) DCF level, and (G, H) mito-SOX in the hippocampus and cortex due to AOA treatment. E, F Flow cytometry-based
quantification of hippocampal mito-SOX level. I–N Decreased immunoreactivity of IRP1 (red) and DMT1 (green) in the DG region after AOA
treatment. Blue, DAPI. O, P Changed levels of IRP1 and DMT1 in the EC and DG. Bar = 50 μm. Q–S Expression of IRP1 and FPN1 in the cortex
and hippocampus estimated using western blotting. n= 5/group. T, U Levels of iron (n= 5 per time point). *P < 0.05, **P < 0.01, and ***P <
0.001, all compared with hypoxia+saline group (One-way ANOVA).
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accumulation might mainly be due to reverse catalysis of SDH,
which reversely catalyzing fumarate resourced from the PNC
and MAS pathways.
NMDA receptor activation also contributes to succinate

accumulation [21]. Neonatal hypoxia promotes glutamate release
and NMDA receptor activation [10, 12]. Neonatal hypoxia induces
succinate accumulation [23], which could further activate the

NMDA receptor and eventually causes overexcitation-induced
oxidative injury [21]. Additionally, NMDA receptor activation is
involved in iron metabolism. Moreover, defects in excitotoxicity-
induced iron ion metabolism cause iron stress and mitochondrial
damage [67], which are the main sources of ROS production.
Consequently, NMDA receptor activation may contribute to
neuronal injury induced by succinate accumulation.

Fig. 6 AOA reversed the hypoxia-induced increase in mitophagy, neuronal injury, learning and memory deficits. A–F Decreased
immunoreactivity of LC3B (red) and TOMM20 (green) in the EC region after AOA treatment. Blue, DAPI. G, H Fluorescence intensity of LC3B
and TOMM20 in DG and EC. I–K The expression of activated caspase-3 and caspase-3 in cortex and hippocampus detected by western
blotting. L–N Positive FJB signals in DG and EC in each group after hypoxia. Bar = 50 μm. n= 5/group. O Latency to the platform (Two-way
ANOVA). P Frequency of platform crossings. Q Target quadrant time (%). R Opposite quadrant time (%). S Representative tracking. **P < 0.01,
and ***P < 0.001, all compared with controls (One-way ANOVA). #P < 0.05, ##P < 0.01, and ###P < 0.001, compared with that in hypoxia+saline
group (One-way ANOVA with Dunnett’s T3 post-hoc test).
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Epilepsy is a common brain disease, which ranks second
after stroke in the nervous system [68, 69]. Epileptic seizures
often occur in the neonatal period, with an incidence of
3–5% among live births [70]. Additionally, their most common
cause is hypoxic-ischemic encephalopathy. Severe oxidative
stress, with mitochondrial dysfunction and neuronal damage, is
a vital characteristic of epilepsy [9]. Our findings confirmed that
early succinate accumulation may be a critical initiator of
neonatal hypoxia-induced oxidative stress and neuronal

injury. Accordingly, succinate accumulation may contribute to
neonatal hypoxia-induced epilepsy. This requires further
experimental research.
In summary, we observed succinate accumulation in the

early period after neonatal hypoxia administration. Moreover,
succinate accumulation is crucial for initiating oxidative stress
and iron stress. Reversing early succinate accumulation may
attenuate oxidative stress and iron stress and mitigate
neuronal damage and cognitive defects. This study provides

Fig. 7 AICAR attenuated the succinate accumulation, oxidative stress, and iron stress induced by hypoxia treatment. Decreased levels of
(A, B) succinate, (C, D) DCF, and (G, H) mito-SOX in the cortex and hippocampus due to AICAR treatment. E, F Flow cytometry-based
quantification of hippocampal mito-SOX signal. I–N Decreased immunoreactivity of IRP1 (red) and DMT1 (green) in the DG region after AICAR
treatment Blue, DAPI. O, P Quantified changes of IRP1 and DMT1 in the EC and DG. Bar = 50 μm. Q–S Expression of IRP1 and FPN1 in the
hippocampus and the cortex estimated using western blotting. n= 5/group. T, U Levels of iron (n= 5 per time point). *P < 0.05, **P < 0.01, and
***P < 0.001, all compared with hypoxia + saline group (One-way ANOVA).
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new insight into the mechanisms underlying neonatal hypoxia
and suggests that interrupting cumulative succinate is a
potential therapeutic strategy.

DATA AVAILABILITY
The data and material in this study are available from the corresponding author on
reasonable request.

REFERENCES
1. Kanstrup IL, Poulsen TD, Hansen JM, Andersen LJ, Bestle MH, Christensen NJ, et al.

Blood pressure and plasma catecholamines in acute and prolonged hypoxia:
Effects of local hypothermia. J Appl Physiol. 1999;87:2053–8.

2. Zhang M, Cui Y, Zhu W, Yu J, Cheng Y, Wu X, et al. Attenuation of the mutual
elevation of iron accumulation and oxidative stress may contribute
to the neuroprotective and anti-seizure effects of xenon in
neonatal hypoxia-induced seizures. Free Radic Biol Med. 2020;161:
212–23.

Fig. 8 AICAR reversed the increased mitophagy level, neuronal injury, learning and memory deficits induced by hypoxia treatment.
A–F Decreased immunoreactivity of LC3B (red) and TOMM20 (green) in the EC region after AICAR treatment. Blue, DAPI. G, H Quantification of
LC3B and TOMM20 fluorescence intensity in DG and EC. I–K The expression of activated caspase-3 and caspase-3 in hippocampus and cortex
detected by western blotting. L–P Positive FJB signals in DG and EC in each group. Bar = 50 μm, n= 5/group. Q Latency to the platform (Two-
way ANOVA). R Frequency of platform crossing. S Target quadrant time (%). T Opposite quadrant time (%). U Representative tracking. *P < 0.05,
**P < 0.01, and ***P < 0.001, all compared with controls (One-way ANOVA). #P < 0.05, compared with that in the hypoxia+saline group (One-
way ANOVA with Dunnett’s T3 post-hoc test)).

M. Zhang et al.

11

Cell Death Discovery           (2022) 8:138 



3. Ferriero DM. Oxidant mechanisms in neonatal hypoxia-ischemia. Dev Neurosci.
2001;23:198–202.

4. Niu X, Li S, Zheng S, Xiong H, Lv J, Zhang H, et al. Hypoxia-induced brain cell
damage in male albino Wistar rat. Saudi J Biol Sci. 2017;25:1473–7.

5. Xing JH, Han DF, Xu DH, Li XL, Sun LC. CREB protects against temporal lobe
epilepsy associated with cognitive impairment by controlling oxidative neuronal
damage. Neurodegener Dis. 2020;19:225–37.

6. Liang LP, Pearson-Smith JN, Huang J, Day BJ, Patel M. Neuroprotective effects of a
catalytic antioxidant in a rat nerve agent model. Redox Biol. 2019;20:275–84.

7. Lewén A, Matz P, Chan PH. Free radical pathways in CNS injury. J Neurotrauma.
2000;17:871–90.

8. Das A, Mcdowell M, O’Dell CM, Busch ME, Smith JA, Ray SK, et al. Post-
treatment with voltage-gated Na(+) channel blocker attenuates kainic acid-
induced apoptosis in rat primary hippocampal neurons. Neurochem Res.
2010;35:2175–83.

9. Souza MA, Mota BC, Gerbatin RR, Rodrigues FS, Castro M, Fighera MR, et al.
Antioxidant activity elicited by low dose of caffeine attenuates pentylenetetrazol-
induced seizures and oxidative damage in rats. Neurochem Int. 2013;62:821–30.

10. Delivoria-Papadopoulos M, Mishra OP. Mechanisms of cerebral injury in perinatal
asphyxia and strategies for prevention. J Pediatr. 1998;132:S30–S34.

11. Fellman V, Raivio KO. Reperfusion injury as the mechanism of brain damage after
perinatal asphyxia. Pediatr Res. 1997;41:599–606.

12. Gao X, Xu X, Pang J, Zhang C, Ding JM, Peng X, et al. NMDA receptor activation
induces mitochondrial dysfunction, oxidative stress and apoptosis in cultured
neonatal rat cardiomyocytes. Physiol Res. 2007;56:559–69.

13. Chuang Y, Liou C, Chen S, Wang P, Chuang J, Tiao M, et al. Mitochondrial transfer
from wharton’s jelly mesenchymal stem cell to merrf cybrid reduces oxidative
stress and improves mitochondrial bioenergetics. Oxid Med Cell Longev.
2017;2017:5691215.

14. Chen SD, Chang AYW, Chuang YC. The potential role of mitochondrial dysfunc-
tion in seizure-associated cell death in the hippocampus and epileptogenesis. J
Bioenerg Biomembr. 2010;42:461–5.

15. Rong R, Xia X, Peng H, Li H, You M, Liang Z, et al. Cdk5-mediated Drp1 phos-
phorylation drives mitochondrial defects and neuronal apoptosis in radiation-
induced optic neuropathy. Cell Death Dis. 2020;11:720.

16. Wallace DC, Zheng XX, Lott MT, Shoffner JM, Hodge JA, Kelley RI, et al.
Familial mitochondrial encephalomyopathy (MERRF): genetic, pathophysio-
logical, and biochemical characterization of a mitochondrial DNA. Cell
1988;55:601–10.

17. Chandel NS, Mcclintock DS, Feliciano CE, Wood TM, Melendez JA, Rodriguez AM,
et al. Reactive oxygen species generated at mitochondrial complex III stabilize
hypoxia-inducible factor-1α during hypoxia a mechanism of O2 sensing. J Biol
Chem. 2000;275:25130–8.

18. Hammond BJ, Balázs R, Machiyama Y, Julian T, Richter D. The operation of the
gamma-aminobutyrate bypath of the tricarboxylic acid cycle in brain tissue
in vitro. Biochem J. 1970;116:445–61.

19. Zhang Y, Zhang M, Zhu W, Yu J, Wang Q, Zhang J, et al. Succinate accumulation
induces mitochondrial reactive oxygen species generation and promotes status
epilepticus in the kainic acid rat model. Redox Biol. 2020;28:101365.

20. Roehrs C, Garrido-Sanabria ER, Silva ACD, Faria LC, Mello CF. Succinate
increases neuronal post-synaptic excitatory potentials in vitro and induces
convulsive behavior through N-methyl-D-aspartate-mediated mechanisms.
Neuroscience2004;125:965–71.

21. Sinhorin VDG, Roehrs C, Pasin JSM, Bellé NAV, Rubin MA, Mello CF. Succinate
causes oxidative damage through N-methyl-D-aspartate-mediated mechanisms.
Brain Res. 2005;1051:66–71.

22. Wang Q, Wang Z, Tian Y, Zhang H, Fang Y, Yu Z, et al. Inhibition of astrocyte
connexin 43 channels facilitates the differentiation of oligodendrocyte precursor
cells under hypoxic conditions in vitro. J Mol Neurosci. 2018;64:591–600.

23. Lukyanova LD, Kirova YI, Germanova EL. The role of succinate in regulation of
immediate HIF-1α expression in hypoxia. Bull Exp Biol Med. 2018;164:298–303.

24. Sakamoto, K, Suzuki, T, Takahashi, K, Koguchi, T, Hirayama, T, Mori, A, et al. Iron-
chelating agents attenuate NMDA-induced neuronal injury via reduction of oxi-
dative stress in the rat retina. Exp Eye Res. 2018;171:30–36.

25. Tc A, Cd B, Pg B. Brain oxidative damage in murine models of neonatal hypoxia/
ischemia and reoxygenation. Free Radic Biol Med. 2019;142:3–15.

26. Núñez M, Núñez-Millacura C, Tapia V, Muñoz P, Mazariegos D, Arredondo M, et al.
Iron-activated iron uptake: a positive feedback loop mediated by iron regulatory
protein 1. BioMetals. 2003;16:83–90.

27. Caltagirone A, Weiss G, Pantopoulos K. Modulation of cellular iron metabolism by
hydrogen peroxide. Effects of H2O2 on the expression and function of iron responsive
elementcontaining mRNAs in B6 fibroblasts. J Biol Chem. 2001;276:19738–45.

28. Xu HM, Hong J, Wang J, Bing L, Xie JX. Over-expressed human divalent metal
transporter 1 is involved in iron accumulation in MES23.5 cells. Neurochem Int.
2008;52:1044–51.

29. Yu J, Guo Y, Sun M, Li B, Zhang Y, Li C. Iron is a potential key mediator of
glutamate excitotoxicity in spinal cord motor neurons. Brain Res.
2009;1257:102–7.

30. Jensen FE, Applegate CD, Holtzman D, Belin TR, Burchfiel JL. Epileptogenic effect
of hypoxia in the immature rodent brain. Ann Neurol. 1991;29:629–37.

31. Rakhade SN, Klein PM, Huynh T, Hilario-Gomez C, Kosaras B, Rotenberg A, et al.
Development of later life spontaneous seizures in a rodent model of hypoxia-
induced neonatal seizures. Epilepsia. 2011;52:753–65.

32. Zhang Y, Zhang M, Liu S, Zhu W, Yu J, Cui Y, et al. Xenon exerts anti-seizure and
neuroprotective effects in kainic acid-induced status epilepticus and neonatal
hypoxia-induced seizure. Exp Neurol. 2019;322:113054.

33. Zhu W, Zhu JG, Zhao SF, Li JQ, Hou DJ, Zhang YR, et al. Xenon exerts neuro-
protective effects on kainic acid-induced acute generalized seizures in rats via
increased autophagy. Front Cell Neurosci. 2020;14:582872.

34. Morris R. Developments of a water-maze procedure for studying spatial learning
in the rat. J Neurosci Methods. 1984;11:47–60.

35. Netto CA, Hodges H, Sinden JD, Peillet EL, Kershaw T, Sowinski P, et al. Effects of
fetal hippocampal field grafts on ischaemic-induced deficits in spatial navigation
in the water maze. Neuroscience. 1993;54:69–92.

36. Pereira LO, Arteni NS, Petersen RC, da Rocha AP, Achaval M, Netto CA. Effects of
daily environmental enrichment on memory deficits and brain injury following
neonatal hypoxia-ischemia in the rat. Neurobiol Learn Mem. 2007;87:101–8.

37. Anderson KJ, Miller KM, Fugaccia I, Scheff SW. Regional distribution of fluoro-jade
B staining in the hippocampus following traumatic brain injury. Exp Neurol.
2005;193:125–30.

38. Rodriguez-Alvarez N, Jimenez-Mateos EM, Dunleavy M, Waddington JL, Boylan
GB, Henshall DC. Effects of hypoxia-induced neonatal seizures on acute hippo-
campal injury and later-life seizure susceptibility and anxiety-related behavior in
mice. Neurobiol Dis. 2015;83:100–14.

39. Jensen E. Technical Review: colocalization of antibodies using confocal micro-
scopy. Anat Rec (Hoboken). 2014;297:183–7.

40. An H, Heo JS, Kim P, Lian Z, Lee S, Park J, et al. Tetraarsenic hexoxide enhances
generation of mitochondrial ROS to promote pyroptosis by inducing the acti-
vation of caspase-3/GSDME in triple-negative breast cancer cells. Cell Death Dis.
2021;12:159.

41. Cho I, Kim W, Kim H, Heo K, Lee B, Cho Y. Increased superoxide dismutase 2 by
allopregnanolone ameliorates ROS-mediated neuronal death in mice with
pilocarpine-induced status epilepticus. Neurochem Res. 2018;43:1464–1475.

42. Zhu S, Ying Y, Ye J, Chen M, Xu J. AAV2-mediated and hypoxia response element-
directed expression of bFGF in neural stem cells showed therapeutic effects on
spinal cord injury in rats. Cell Death Dis. 2021;12:274.

43. Sreekanth P, Shaunik S, Sara S, Thimmasettappa T. Seizure-induced oxidative
stress in temporal lobe epilepsy. Biomed Res Int. 2015;2015:745613.

44. Wu QR, Zheng DL, Liu PM, Yang H, Li LA, Kuang SJ, et al. High glucose induces
Drp1-mediated mitochondrial fission via the Orai1 calcium channel to participate
in diabetic cardiomyocyte hypertrophy. Cell Death Dis. 2021;12:216.

45. Santulli G, Xie W, Reiken SR, Marks AR. Mitochondrial calcium overload is a key
determinant in heart failure. Proc Natl Acad Sci. USA. 2015;112:11389–94.

46. Marisela MA, Concepción NR, Daniel JR, Erika RM, Petra YG. Oxidative stress
associated with neuronal apoptosis in experimental models of epilepsy. Oxid
Med Cell Longev. 2014;2014:293689.

47. Brand MD. The sites and topology of mitochondrial superoxide production. Exp
Gerontol. 2010;45:466–72.

48. Zhu WX. Mitochondrial defects and oxidative stress in alzheimer disease and
parkinson disease. Free Radic Biol Med. 2013;62:90–101.

49. Rhein V, Song X, Wiesner A, Ittner LM, Baysang G, Meier F, et al. Amyloid-β and
tau synergistically impair the oxidative phosphorylation system in triple trans-
genic alzheimer’s disease mice. Proc Natl Acad Sci USA. 2009;106:20057–62.

50. Lee YM, He W, Liou YC. The redox language in neurodegenerative diseases:
Oxidative post-translational modifications by hydrogen peroxide. Cell Death Dis.
2021;12:58.

51. Li T, Chen L, Yu Y, Yang B, Li P, Tan X. Resveratrol alleviates hypoxia/reox-
ygenation injury-induced mitochondrial oxidative stress in cardiomyocytes. Mol
Med Rep. 2019;19:2774–80.

52. Molinari C, Morsanuto V, Ghirlanda S, Ruga S, Notte F, Gaetano L, et al. Role of
combined lipoic acid and vitamin D3 on astrocytes as a way to prevent brain
ageing by induced oxidative stress and iron accumulation. Oxid Med Cell Longev.
2019;2019:2843121.

53. Minor EA, Kupec JT, Nickerson AJ, Narayanan K, Rajendran VM. Increased divalent
metal ion transporter-1 (DMT1) and ferroportin-1 (FPN1) expression with
enhanced iron absorption in ulcerative colitis human colon. Ajp Cell Physiol.
2019;318:C263–C271.

54. Wang XS, Ong WY, Connor JR. Quinacrine attenuates increases in divalent metal
transporter-1 and iron levels in the rat hippocampus, after kainate-induced
neuronal injury. Neuroscience. 2003;120:21–29.

M. Zhang et al.

12

Cell Death Discovery           (2022) 8:138 



55. Ganz T. Cellular iron: Ferroportin is the only way out. Cell Metab. 2005;1:155–7.
56. Drakesmith H, Nemeth E, Ganz T. Ironing out ferroportin. Cell Metab.

2015;22:777–87.
57. Bao WD, Zhou XT, Zhou LT, Wang F, Yin X, Lu Y, et al. Targeting miR-124/

Ferroportin signaling ameliorated neuronal cell death through inhibiting apop-
tosis and ferroptosis in aged intracerebral hemorrhage murine model. Aging Cell.
2020;19:e13235.

58. Dong GL, Min KK, Lee SR, Hong JL, Lee DS. Peroxiredoxin 5 deficiency exacerbates
iron overload-induced neuronal death via er-mediated mitochondrial fission in
mouse hippocampus. Cell Death Dis. 2020;11:204.

59. Chinopoulos C. Which way does the citric acid cycle turn during hypoxia? The
critical role of α-ketoglutarate dehydrogenase complex. J Neurosci Res.
2013;91:1030–43.

60. Tretter L, Patocs A, Chinopoulos C. Succinate, an intermediate in metabolism,
signal transduction, ROS, hypoxia, and tumorigenesis. Biochim Biophys Acta.
2016;1857:1086–101.

61. Chouchani ET, Pell VR, Gaude E, Aksentijevic D, Sundier SY, Robb EL, et al.
Ischaemic accumulation of succinate controls reperfusion injury through mito-
chondrial ROS. Nature. 2014;515:431–5.

62. Andrienko TN, Pasdois P, Pereira GC, Ovens MJ, Halestrap AP. The role of succi-
nate and ROS in reperfusion injury - A critical appraisal. J Mol Cell Cardiol.
2017;110:1–14.

63. Easlon E, Tsang F, Skinner C, Wang C, Lin SJ. The malate-aspartate NADH shuttle
components are novel metabolic longevity regulators required for calorie
restriction-mediated life span extension in yeast. Genes Dev. 2008;22:931–44.

64. Barron JT, Gu L, Parrillo JE. Malate-aspartate shuttle, cytoplasmic NADH redox
potential, and energetics in vascular smooth muscle. J Mol Cell Cardiol.
1998;30:1571–9.

65. Van den Berghe G, Vincent MF, Jaeken J. Inborn errors of the purine nucleotide
cycle: Adenylosuccinase deficiency. J Inherit Metab Dis. 1997;20:193–202.

66. Sridharan V, Li GCY, Muise-Helmericks R, Beeson CC, Wright GL. O2-sensing signal
cascade: Clamping of Q2 respiration, reduced atp utilization, and inducible
fumarate respiration. Am J Physiol. 2008;295:29–37.

67. Tian Y, He Y, Song W, Zhang E, Xia X. Neuroprotective effect of deferoxamine on
N-methyl-D-aspartate-induced excitotoxicity in RGC-5 cells. Acta Biochim Biophys
Sin (Shanghai). 2017;49:827–34.

68. Xu C, Gong Y, Wang Y, Chen Z. New advances in pharmacoresistant epilepsy
towards precise management-from prognosis to treatments. Pharmacol Ther.
2021;28:108026.

69. Guo M, Cui C, Song X, Jia L, Li C. Deletion of FGF9 in gabaergic neurons causes
epilepsy. Cell Death Dis. 2021;12:196.

70. Wang Y, Chen Z. An update for epilepsy research and antiepileptic drug devel-
opment: Toward precise circuit therapy. Pharmacol Ther. 2019;201:77–93.

ACKNOWLEDGEMENTS
The authors would like to thank Editage for English language editing.

AUTHOR CONTRIBUTIONS
MDZ, SCL, and HLS: study concept and design; HLS and SCL: technical and material
support; all authors: data acquisition and analysis.

FUNDING
This study was supported by the National Natural Science Foundation of China
(81573412, 81803546, 81903867), Key Research and Development Plan of Shandong
Province (2018GSF121004), Natural Science Foundation of Shandong Province
(ZR2021MH034).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-022-00940-7.

Correspondence and requests for materials should be addressed to Shucui Li or
Hongliu Sun.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

M. Zhang et al.

13

Cell Death Discovery           (2022) 8:138 

https://doi.org/10.1038/s41420-022-00940-7
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Attenuated succinate accumulation relieves neuronal injury induced by hypoxia in neonatal mice
	Introduction
	Materials and methods
	Animals
	Hypoxia-induced seizures
	Pharmacological manipulations
	Succinate detection
	Dichlorodihydrofluorescein (DCF) assay
	Determination of mitochondrial ROS
	Iron content detection
	Learning and memory ability
	Fluoro-Jade B (FJB) staining
	Western blot analysis
	Immunohistochemistry
	Electron microscopy
	Statistical analyses

	Results
	Increased levels of succinate, DCF, mito-SOX, and iron after hypoxia treatment
	Increased mitophagy and neuronal injury after hypoxia treatment
	DM treatment reversed succinate accumulation, oxidative stress, and iron stress induced by hypoxia treatment
	DM reversed the increased mitophagy, neuronal damage, and cognitive deficits induced by hypoxia treatment
	AOA treatment reversed succinate accumulation, oxidative stress, and iron stress induced by hypoxia treatment
	AOA treatment reversed the hypoxia-induced increase in mitophagy, neuronal injury, and cognitive deficits
	AICAR treatment reversed succinate accumulation, oxidative stress, and iron stress induced by hypoxia treatment
	AICAR reversed the increased mitophagy levels, neuronal injury, and cognitive deficits induced by hypoxia treatment

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




