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Upregulation of CDGSH iron sulfur domain 2 attenuates 
cerebral ischemia/reperfusion injury

Abstract  
CDGSH iron sulfur domain 2 can inhibit ferroptosis, which has been associated with cerebral ischemia/reperfusion, in individuals with head and neck 
cancer. Therefore, CDGSH iron sulfur domain 2 may be implicated in cerebral ischemia/reperfusion injury. To validate this hypothesis in the present study, 
we established mouse models of occlusion of the middle cerebral artery and HT22 cell models of oxygen-glucose deprivation and reoxygenation to mimic 
cerebral ischemia/reperfusion injury in vivo and in vitro, respectively. We found remarkably decreased CDGSH iron sulfur domain 2 expression in the mouse 
brain tissue and HT22 cells. When we used adeno-associated virus and plasmid to up-regulate CDGSH iron sulfur domain 2 expression in the brain tissue and 
HT22 cell models separately, mouse neurological dysfunction was greatly improved; the cerebral infarct volume was reduced; the survival rate of HT22 cells 
was increased; HT22 cell injury was alleviated; the expression of ferroptosis-related glutathione peroxidase 4, cystine-glutamate antiporter, and glutathione 
was increased; the levels of malondialdehyde, iron ions, and the expression of transferrin receptor 1 were decreased; and the expression of nuclear-factor E2-
related factor 2/heme oxygenase 1 was increased. Inhibition of CDGSH iron sulfur domain 2 upregulation via the nuclear-factor E2-related factor 2 inhibitor 
ML385 in oxygen-glucose deprived and reoxygenated HT22 cells blocked the neuroprotective effects of CDGSH iron sulfur domain 2 up-regulation and the 
activation of the nuclear-factor E2-related factor 2/heme oxygenase 1 pathway. Our data indicate that the up-regulation of CDGSH iron sulfur domain 2 can 
attenuate cerebral ischemia/reperfusion injury, thus providing theoretical support from the perspectives of cytology and experimental zoology for the use of 
this protein as a therapeutic target in patients with cerebral ischemia/reperfusion injury.
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Introduction 
Stroke is a serious threat to human health and has been linked to high rates 
of mortality and disability. Strokes may be hemorrhagic or ischemic, and the 
latter accounts for approximately 80% (Boucquey et al., 2006; Herpich and 
Rincon, 2020; Putaala, 2020) of all stroke cases globally. In a clinical setting, 
intravenous thrombolysis is the preferred modality for treating acute ischemic 
stroke (Rabinstein, 2020; Warach et al., 2020). However, ischemia/reperfusion 
(I/R) after thrombolysis can further aggravate the injury. The mechanisms of 
cerebral ischemia/reperfusion injury (CIRI) are intricate, and the effects of the 
drugs currently employed in clinical practice are dissatisfactory (Cao et al., 
2021; Karamyan, 2021; Yahn et al., 2021). Thus, further characterization of 
the mechanisms of CIRI is necessary to explore novel drug targets.

Ferroptosis is a nonapoptotic form of cell death. The excessive accumulation 
of iron-dependent lipid peroxidation is the main mechanism of ferroptosis 
(Stockwell et al., 2020; Sun et al., 2020). The typical morphological features 
of ferroptosis include shrinkage of the mitochondrial membrane, increased 
mitochondrial membrane density, and a decrease in or disappearance of 
the mitochondrial ridge (Gao et al., 2019b; Wang et al., 2020). Fe2+ catalyzes 
the synthesis of polyunsaturated fatty acids via the Fenton reaction and 

induces the overproduction of lipid reactive oxygen species (ROS) and 
malondialdehyde (MDA). Lipid peroxidation products are eliminated by an 
antioxidant system that includes the cystine-glutamate antiporter/glutathione 
peroxidase 4 (xCT/GPX4) axis (Fei et al., 2020). While xCT facilitates 
intracellular cysteine and glutamate transportation, GPX4 is produced on the 
cell membrane and can directly reduce levels of intracellular lipid peroxides. 
Damage to the intracellular anti-lipid oxidation system can cause an overload 
of lipid peroxidation products and ultimately lead to cell membrane rupture 
and cell death (Badgley et al., 2020; Li et al., 2020).

Ferroptosis is associated with degenerative diseases, cellular carcinogenesis, 
I/R injury, and some other pathological activities. In addition, clinical data and 
epidemiological studies have suggested that iron accumulation exacerbates 
neurological damage in patients with stroke (Kaluza et al., 2013). Tuo et al. 
(2017) reported that iron levels increased in the damaged hemisphere in 
a mouse model of middle cerebral artery occlusion (MCAO). The volume 
of MCAO-induced cerebral infarction was reduced by the administration 
of ferroptosis inhibitors (ferrostatin-1 and liproxstatin-1) 6 hours after 
reperfusion (Tuo et al., 2017). Accordingly, the inhibition of ferroptosis has 
become an effective strategy for alleviating CIRI. However, the underlying 
mechanism of ferroptosis in CIRI has not been fully characterized.
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CDGSH iron sulfur domain 2 attenuates cerebral ischemia/reperfusion injury by inhibiting 
nuclear-factor E2-related factor 2/heme oxygenase 1-mediated ferroptosis
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CDGSH iron sulfur domain 2 (CISD2) is a member of the iron-sulfur cluster 
protein family (Chen et al., 2020b). CISD2 attenuates damage by resisting 
oxidation and maintaining mitochondrial function in individuals with 
neurological disease (Chen et al., 2009; Lin et al., 2015a, 2019). In mouse 
models of head and neck cancer, the overexpression of CISD2 was found to 
significantly inhibit sulfasalazine-induced ferroptosis by reducing intracellular 
lipid ROS and Fe2+ levels (Kim et al., 2018). Nuclear factor erythroid 2-related 
factor 2 (Nrf2) is a crucial regulator that maintains intracellular redox 
homeostasis. In transgenic mice with upregulated CISD2, transcriptomic 
analyses indicated a significant increase in gene transcription in both Nrf2 and 
Nrf2-regulated oxidative stress pathways (Huang et al., 2021). This suggests 
that activation of the Nrf2-mediated oxidative stress pathway may be related 
to CISD2 regulation. Meanwhile, increasing numbers of recent studies have 
suggested that the Nrf2/heme oxygenase 1 (HO-1) signaling pathway is 
involved in the occurrence of cellular ferroptosis (Chen et al., 2020a; Dong et 
al., 2020; Jiang et al., 2020). According to these findings, we speculated that 
Nrf2/HO-1 might be involved in CISD2-regulated ferroptosis.

In this study, we explored the molecular mechanisms by which CISD2 
overexpression might al leviate CIRI.  We hypothesized that CISD2 
overexpression alleviates iron death of nerve cells through the Nrf2/HO-1 
pathway, thereby improving CIRI-induced changes in neurological and motor 
function.
 
Methods   
Animals 
We purchased male adult Institute of Cancer Research (ICR) mice (n = 
143, specific-pathogen-free, 8 weeks old, 22–27 g) from the Center of 
Experimental Animals at the Anhui Medical University (Quality license No. 
SCXK (Wan) 2017-001). We did not use female mice because current evidence 
has indicated that estrogen can reduce cerebral infarct volume in cerebral I/R  
mice (Khan et al., 2015; Li et al., 2022). The mice were housed in a room with 
an alternating 12-hour light and dark cycle, adequate food and water, an 
ambient temperature of 20 ± 2°C, humidity of 50 ± 5%, and 5 mice per cage. 
The experimental protocol was approved by the Animal Ethics Committee of 
Bengbu Medical College (approval No. 2021-157) in 2021. All experiments 
were designed and reported according to the Animal Research: Reporting 
of In Vivo Experiments (ARRIVE) guidelines (Percie du Sert et al., 2020). The 
experimental animals were anesthetized with pentobarbital sodium (1%, 40 
mg/kg; Macklin, Shanghai, China) for all operations, all mice were sacrificed 
via cervical dislocation, and every attempt was made to minimize their pain 
throughout the experiment.

To explore the neuroprotective effect of CISD2, we randomly assigned mice to 
six groups of 10 mice each, as follows: Sham, I/R, I/R + adeno-associated virus 
(AAV)-NC (negative control, transfected with the empty sequence), I/R + AAV-
CISD2, I/R + lentiviral vector (LV)-NC, and I/R + LV-shRNA (short hairpin RNA, 
a interfering fragment of CISD2). To explore the mechanisms by which the 
overexpression of CISD2 might protect against cerebral injury, we assigned 
mice to another six groups of 10 each, as follows: Sham, I/R, I/R + ML385 (an 
inhibitor of Nrf2, 30 mg/kg; MedChemExpress, Monmouth Junction, NJ, USA), 
I/R + AAV-CISD2, and I/R + AAV-CISD2 + ML385.

Establishment of MCAO
We prepared the MCAO model using the modified line embolism method 
(Nagel et al., 2004). The experimental mice were anesthetized via an 
intraperitoneal injection of pentobarbital sodium and fixed in the supine 
position on the operating table. After shaving the neck area and disinfecting 
the skin with iodophor and ethanol, an incision was made along the middle of 
the neck to expose the right common carotid artery. This enabled us to isolate 
the external and internal carotid arteries. The distal end of the superficial 
carotid artery was then dissected, and the distal end of the external carotid 
artery was ligated via surgical suture. The internal carotid artery was clamped 
with a small arterial clip, and a small cut was made in the external carotid 
artery. A line embolism was then inserted from the external carotid artery 
into the internal carotid artery. The procedure for the Sham group was similar 
to that for the model group, except that a line embolism was not inserted into 
the middle artery. After 1 hour of ischemia, the line embolism was removed, 
the skin was sutured, and blood reperfusion was restored for 24 hours.

Virus administration 
Three weeks before the establishment of the MCAO model, the right brain 
tissue was injected with a CISD2-overexpressed AAV vector (OBiO, Shanghai, 
China) or an AAV vector without any foreign sequence (OBiO). Two weeks 
before the establishment of the MCAO model, the CISD2 LV (OBiO) was 
injected into the right brain tissue to downregulate the expression of CISD2 
and the LV with a disordered sequence (OBiO). The needle was positioned 1.0 
mm forward and 1.15 mm to the right, based on the position of the anterior 
fontanelle suture (Li et al., 2021b). The needle was inserted to a depth of 
0.45 mm before administration of 3 μL of the AAV (1 × 1012 VG/mL) or 5 μL 
of the LV (1 × 108 VG/mL), respectively. After slowly injecting the material, 
the needle was left in the tissue for 10 minutes. ML385 was intraperitoneally 
injected into the mice 15 minutes before surgery (Figure 1).

Neurological dysfunction score
According to the Longa quintile method (Longa et al., 1989), we scored the 
neurological dysfunction of the mice following 1 hour of cerebral ischemia 
and 24 hours of reperfusion. Mice exhibiting normal activity and no signs of 
neurological dysfunction received a score of 0 points; those who could not 

fully extend their opposite forepaw received a score of 1 point; those who 
turned to the side opposite that of the operation received a score of 2 points; 
those who had difficulty walking and tipped to the side opposite that of the 
operation received a score of 3 points; those with a severe walking disorder, 
no spontaneous movement, or unconsciousness received a score of 4 points. 
Neurobehavioral scores 1–4 were considered to indicate successful modeling.

Determination of the cerebral infarct volume
After scoring the MCAO mice, the animals were sacrificed under anesthesia 
and the cerebral tissues were immediately removed. The cerebral tissues 
were frozen for 10 minutes at –20°C and then excided into four coronal 
sections (2-mm approximate thickness). The cerebral slices were then placed 
in 1% 2,3,5-triphenyl tetrazolium chloride (Sigma, St. Louis, MO, USA) staining 
solution and incubated at a constant temperature (37°C) in a water bath away 
from direct light for 20 minutes. Then, the slices were turned over every 5 
minutes. After staining, the dye was discarded and the slices were fixed in 4% 
paraformaldehyde (Biosharp, Shanghai, China). Images were captured and 
scanned using ImageJ software (version 1.52, National Institutes of Health, 
Bethesda, MD, USA) (Schneider et al., 2012), and the infarction rate was 
calculated using the following formula: [contralateral cortical area – (ipsilateral 
cortical area – ipsilateral cerebral infarction area)]/contralateral cortical area × 
100%. 

Nissl staining
To examine the nerve cell morphology, the animals were sacrificed under 
anesthesia after 24 hours of reperfusion and the mouse brains were quickly 
removed. The brain tissue was fixed with 4% paraformaldehyde, then 
dehydrated and embedded in liquid paraffin. After cooling and solidification 
of the tissue, a paraffin embedding machine was used to cut 10-μm slices that 
were then stained with 10% methylene blue solution (Solarbio, Beijing, China) 
for 30 minutes, washed with phosphate-buffered saline, differentiated in 95% 
alcohol, dehydrated, and then sealed. The samples were finally photographed 
with an inverted fluorescence microscope (IX 73; Olympus, Tokyo, Japan).

Measurement of MDA, glutathione, and Fe2+ 
After 24 hours of reperfusion, the animals were sacrificed under anesthesia 
and the cerebral tissues were immediately collected, and the meninges and 
blood vessels on the cerebral surface were carefully cleaned. The ischemic 
cerebral tissues were then clamped with tweezers, placed in a centrifuge 
tube, and weighed on an electronic balance (Jingtian, Shanghai, China). Pre-
cooled normal saline was added at a ratio of 1:9 by weight, and the cerebral 
tissues were homogenized on an ice bath. Following homogenization, the 
mixture was centrifuged at 978 × g for 30 minutes and the supernatant 
was stored in the refrigerator at –20°C. A working reagent was prepared 
according to the manufacturer’s instructions (Jiancheng, Nanjing, China), and 
the corresponding working liquid and the supernatant of the sample to be 
tested were mixed sequentially. After centrifugation, the contents of MDA, 
glutathione (GSH), and Fe2+ were determined based on their optical density 
values at 532, 405, and 520 nm, respectively, using a microplate reader (BioTek, 
Winooski, VT, USA).

Observation of mitochondrial morphology
After 24 hours of reperfusion, the cerebral tissues containing the penumbra 
around the right cerebral infarction were cut into approximately 1-mm3 
size pieces. The extracted cerebral tissues were fixed overnight with 2.5% 
glutaraldehyde and 1% osmium acid, dehydrated in a gradient series of ethanol, 
embedded in epoxy resin, cut into ultra-thin sections, stained, and then 
observed under a transmission electron microscope (Hitachi, Beijing, China).

Cell culture
The HT22 cell is a mouse hippocampal neuronal cell. Since HT22 cells are 
highly sensitive to oxygen and glucose, we used HT22 cells as the model cell. 
HT22 cells (Millipore, Boston, MA, USA, Cat# SCC129, RRID: CVCL_0321) 
were authenticated via short tandem repeat profiling and then cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum 
(Tianhang, Huzhou, China) and 1% penicillin-streptomycin (Solarbio). The 
HT22 cells were tested for mycoplasma contamination and no contamination 
was found. 

A

B

Figure 1 ｜ Diagram of the experimental time frame.
(A, B) Time course of interventions in the in vivo (A) and in vitro (B) studies. AAV: Adeno-
associated virus; AM/PI: Calcein-AM/PI; LV: lentiviral vector; MCAO: middle cerebral 
artery occlusion; ML385: inhibitor of Nrf2; OGD: oxygen-glucose deprivation and 
reoxygenation; ROS: reactive oxygen species; TEM: transmission electron microscope; 
TTC: 2,3,5-triphenyl-2H-tetrazolium chloride.
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Preparation of oxygen-glucose deprivation and reoxygenation injury model
The cells (2 × 105 cells/well) were inoculated in 6-well cell culture plates. 
When the cells grew to a confluency of approximately 70%, the DMEM with 
1% penicillin-streptomycin solution and 10% fetal bovine serum was replaced 
with DMEM-D-glucose (Gibco, Waltham, MA, USA) and the mixture was 
cultured in a nitrogen incubator (1% O2, 5% CO2, and 94% N2). After 12 hours 
of hypoxia, the cells were removed from the nitrogen incubator and placed in 
a CO2 incubator for reoxygenation for 12 hours. The original culture medium 
served as a substitute for sugar-free medium (Gibco). ML385 (2 μM) was 
added immediately at the start of cell reoxygenation.

Cell transfection
The cells were plated and cultured to a density of 60–70%. Under dark 
conditions, the cells were cultured with 5 μg Lipofectamine 2000 (Gibco) and 
gene fragments for 24 hours according to group: OE-NC (empty vectors), OE 
(transfected with the CISD2 gene sequence), shRNA-NC (transfected with the 
disordered sequence), or shRNA-CISD2 (transfected with the shRNA-CISD2). 
All plasmids were generated by GenePharma (Shanghai, China). The sequence 
of shRNA-NC is 5′-TTC TCC GAA CGT GTC ACG T-3′ and the sequence of shRNA-
CISD2 is 5′-GCC CAT TCT TCC CAA AGA AGA-3′. The resultant solution was 
separately mixed with Opti-MEM (Gibco) for 5 minutes. Next, the solutions 
were thoroughly mixed and allowed to stand for 20 minutes before being 
transferred to the wells. After transfection, 2 mL of Opti-MEM was added to 
each well. After 8 hours, the Opti-MEM was replaced with the original culture 
medium for subsequent experiments.

Cell survival rate assay
The cell survival rate was examined via Calcein-AM/PI staining after a 12-hour 
reoxygenation period. Briefly, the cells were incubated with the prepared 
Calcein-AM/PI dye (Biosharp, Hefei, China) and incubated at 37°C under a 5% 
CO2 atmosphere for 15 minutes. After incubation, the cells were observed 
under a fluorescence microscope. Red fluorescence represented dead cells 
and green fluorescence represented live cells. Cell viability (%) = the amount 
of green / (the amount of red + the amount of green) × 100.

Detection of Fe2+ in cells
The cells collected after the 12-hour reoxygenation period were diluted to 
appropriate concentrations, seeded into disposable confocal dishes, treated 
accordingly, washed thrice with serum-free culture medium, and incubated 
with FerroOrange (Dojindo, Kumamoto, Japan) working solution for 40 
minutes. The cells were finally visualized under a fluorescence microscope, 
and the images were recorded.

Detection of lipid ROS in cells
The experimental cells that were collected after the 12-hour reoxygenation 
period were seeded into culture dishes, treated accordingly, incubated 
with C11 BODIPY 581/591 (Sigma) in the incubator for 30 minutes, and 
resuspended in 300 µL phosphate-buffered saline. The resuspended cells 
were filtered, and the filtrate was transferred to a tube. Flow cytometry (BD 
FACSVerse, Franklin Lakes, NJ, USA) was performed to detect the lipid ROS 
levels in the filtrate via a data-dependent acquisition mode.

Extraction of the nuclear protein
To examine the nuclear translocation of Nrf2, we detected the protein 
expression of nuclear Nrf2. The treated cells collected after the 12-hour 
reoxygenation period were collected with trypsin digest, and 100 μL of 
the cytoplasmic protein extraction reagent was added to the collected 
cell precipitate. This was followed by 5 minutes of repeated blowing with 
a pipette on the cell precipitate. Next, the cells were placed in an ice bath 
for 30 minutes and then centrifuged at 4°C for 10 minutes at 22,523 × g. 
The supernatant obtained after centrifugation contained the cytoplasmic 
protein, and the precipitate contained the nuclear protein. After discarding 
the supernatant, 50 μL of the nuclear protein extraction reagent was added, 
followed by blowing and ice bathing. Next, the solution was centrifuged at 
4°C at 22,523 × g for 10 minutes, and the supernatant was used for further 
analyses as it contained the cellular nuclear protein. The cerebral tissue 
samples were cut into very thin tissue slices and washed with phosphate-
buffered saline (500 μL for 50 mg of tissue), followed by incubation on an ice 
bath. A homogenous suspension was prepared using a tissue homogenizer, 
and subsequently centrifuged at 4°C at 100 × g for 3 minutes. Then, the 
supernatant was discarded and the precipitate was collected. The above steps 
were repeated after adding the cell cytoplasmic protein extraction reagent. 
The nuclear protein obtained via the above operation was quantified, and the 
Nrf2 protein level was detected by Western blotting.

Western blot assay
To examine changes in CISD2 protein expression and ferroptosis levels, we 
measured the levels of related proteins. In the in vivo experiments, brain 
tissue was removed 24 hours after reperfusion. In the in vitro experiments, 
cells were collected after 12-hour reoxygenation. The cerebral tissues and 
cells were placed in a glass grinder and homogenized with lysate. The protein 
homogenate was centrifuged at 22,523 × g for 30 minutes at 4°C, and 
the supernatant was used for protein quantification. The protein samples 
were loaded onto the prepared sodium dodecyl sulfate polyacrylamide 
gel electrophoresis gel. After electrophoresis, the separated proteins were 
electro-transferred onto polyvinylidene fluoride membranes. The membranes 
were blocked, and incubated overnight with primary antibodies CISD2 

(rabbit, 1:1000, CST, Boston, MA, USA, Cat# 60758, RRID: AB_943513), xCT 
(rabbit, 1:2000, Abcam, Cambridge, UK, Cat# ab37185, RRID: AB_778944), 
GPX4 (rabbit, 1:2000, Cat# ab125066, RRID: AB_10973901, Abcam), 
transferrin receptor1 (TFR1; rabbit, 1:800, Abcam, Cat# ab84036, RRID: 
AB_10673794), Nrf2 (rabbit, 1:800, WanLeiBio, Shenyang, China, Cat# 
WL02135, RRID: AB_2847838), Lamin B1 (mouse, 1:1000, Proteintech, 
Wuhan, China, Cat# 12987-1-AP, RRID: AB_2721256), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; rabbit, 1:1000, Cat# 60004-1-Ig, RRID: 
AB_2263076, Proteintech), HO-1 (rabbit, 1:1000, WanLeiBio, Cat# WL02400, 
RRID: AB_2847839) at 4°C. The next day, the membranes were washed with 
phosphate-buffered saline with 1% Tween-20 and incubated with goat anti-
rabbit antibody (1:4000, Cat# A0423, RRID: AB_2891323, Beyotime, Shanghai, 
China) for 2 hours at 4°C. The treated membrane with proteins was developed 
using ECL developing solution (Millipore) and protein expression was assessed 
using the BioImaging System (VIVILBER, Paris, France).

Statistical analysis
We used GraphPad Prism 7.04 (GraphPad Software, San Diego, CA, USA, www.
graphpad.com) for statistical analysis. All data are represented as the mean ± 
standard error of the mean (SEM). Non-normally distributed data (neurological 
scores) were analyzed using the non-parametric Mann-Whitney U test, and 
other data were analyzed using a one-way analysis of variance followed by 
Tukey’s post hoc test. P < 0.05 was considered statistically significant.

Results
Downregulation of CISD2 is associated with CIRI and oxygen-glucose 
deprivation and reoxygenation injury
To examine the correlation between CISD2 expression and CIRI and oxygen-
glucose deprivation and reoxygenation (OGD/R) injury, we established 
MCAO/R and OGD/R models. In vivo experiments revealed that the degree 
of behavioral dysfunction and cerebral infarct volume were significantly 
higher in the I/R group compared with those in the Sham group (all P < 0.01; 
Figure 2A–C). Moreover, 24 hours after reperfusion, we observed significant 
downregulation of CISD2 expression in the brain tissue in the I/R group 
compared with that in the Sham group (P < 0.05; Figure 2D and E). In vitro 
experiments revealed that the cell survival rates and CISD2 expression were 
significantly lower in the OGD/R group compared with the control group (all 
P < 0.01; Figure 2F–I). These results suggest that the expression of CISD2 may 
be related to neural injury in vivo and in vitro. 
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Figure 2 ｜ Downregulation of CISD2 in in vivo and in vitro models of CIRI.
(A) Neurological dysfunction (Longa Score). Higher scores indicate more severe 
neurological deficits. (B, C) The volumes of cerebral infarction following CIRI were 
detected via TTC staining. Compared with the Sham group, the infarct volume in the I/R  
group was significantly increased. The white area represents the infarct area and the red 
area represents the normal area. (D, E) The survival rates of HT22 cells with OGD/R  
injury, detected by Calcein-AM/PI. The data were normalized to that of the control group. 
Compared with the control group, the survival rate of HT22 cells with OGD/R injury 
was significantly reduced. Green: Living cells, red: dead cells. Scale bars: 10 µm. (F, G) 
Representative western blots and quantitative evaluations of CISD2 in the cerebral tissue 
following CIRI in mice. (H, I) Representative western blots and quantitative evaluations 
of CISD2 expression in HT22 cells with OGD/R injury. Data are represented as the mean 
± SEM (n = 3–10), and were analyzed via a Student’s t-test (infarct volume, western 
blot, and cell survival rate) or by the non-parametric Mann-Whitney U test (neurological 
dysfunction score). **P < 0.01, ***P < 0.001. CIRI: Cerebral ischemia/reperfusion 
injury; CISD2: CDGSH iron sulfur domain 2; GAPDH: glyceraldehyde-3-phosphate 
dehydrogenase; I/R: cerebral ischemia/reperfusion; OGD/R: oxygen-glucose deprivation/
reoxygenation; Sham: sham-operated group; TTC: 2,3,5-triphenyl-2H-tetrazolium 
chloride.
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Overexpression of CISD2 offers protection against CIRI by inhibiting 
ferroptosis in mice
To investigate the role of CISD2 in CIRI, we overexpressed or knocked down 
the gene in mice (Figure 3A–F). Compared with the I/R group, the behavioral 
function scores indicated that the overexpression of CISD2 alleviated 
neurological dysfunction 24 hours after reperfusion (P < 0.01; Figure 3G). 
Compared with the I/R group, the results of 2,3,5-triphenyl tetrazolium 
chloride staining revealed that the overexpression of CISD2 reduced the 
cerebral infarct volume (P < 0.0001; Figure 3H and I). However, compared 
with the I/R group, the knockdown of CISD2 aggravated I/R-induced 
neurological dysfunction and increased the cerebral infarct volume (all P < 
0.05; Figure 3G–I). We evaluated the influence of CISD2 overexpression on 
neuronal morphology in cerebral tissue via Nissl staining. As shown in Figure 
3J, the staining of neurons in the cerebral tissue of mice in the Sham group 
revealed a large cell volume and abundant cytoplasmic compartments. 
However, the neurons in the I/R group were sparsely distributed, and the cell 
bodies were atrophied. This phenomenon was reversed by the overexpression 
of CISD2. To explore how CISD2 overexpression alleviated CIRI, we examined 

ferroptosis-related indicators including the expression of GPX4, xCT, TFR1, 
and the content of GSH, MDA, and Fe2+ in the brain tissue. When compared 
with the Sham group, the expression of GPX4 and xCT and the content of 
GSH in the brain tissue were significantly reduced in the I/R group (all P < 
0.01; Figure 3K–Q). Furthermore, the content of MDA and Fe2+ as well as the 
expression of TFR1 in the brain tissue were significantly increased in the I/R  
group (all P < 0.01; Figure 3K–Q). When CISD2 was overexpressed, GPX4 
and xCT expression, as well as the content of GSH in the brain tissue, were 
significantly increased compared with the I/R group (all P < 0.05; Figure 3K–
Q). Additionally, the contents of MDA and Fe2+, as well as the TFR1 expression 
in the brain tissue, were significantly reduced (all P < 0.05; Figure 3K–Q) 
compared with the I/R + AAV-NC group. The transmission electron microscopy 
indicated that the mitochondrial morphology in the brain tissue from the 
Sham group was normal, with a complete cristae structure. However, in the 
I/R group, the mitochondria were shrunken and the crest structures had 
disappeared. However, when CISD2 was overexpressed, the degree of injury 
in the mitochondrial morphology was lower (Figure 3R). These data imply 
that the overexpression of CISD2 alleviated CIRI by inhibiting ferroptosis. 
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Figure 3 ｜ Overexpression of CISD2 alleviates I/R injury and inhibits ferroptosis.
(A, B) AAV and LV were injected into the cerebral tissue via stereotaxic injection. Scale bars: 50 µm. (C–F) Representative western blots and quantitative evaluations of the effect on 
CISD2 overexpression and knockdown in the cerebral tissue of CIRI mice. (G) Neurological dysfunction scores (Longa Score Scale). Higher scores indicate more severe neurological 
deficits. The effect of CISD2 overexpression and knockdown on neurological dysfunction scores in CIRI mice. (H, I) The effect of CISD2 overexpression and knockdown on the volume of 
cerebral infarction in CIRI mice was evaluated via TTC staining. Compared with the I/R + AAV-NC group, the infarct volume in the I/R + AAV group was significantly reduced. Compared 
with the I/R + LV-NC group, the infarct volume of the I/R + LV group was significantly increased. The white area represents the infarct area, and the red area represents the normal 
area. (J) The effects of CISD2 overexpression on neuronal morphology following injury in mice were detected via Nissl staining. Compared with the Sham group, the cells in the I/R  
group had fewer Nissl bodies (arrows) in the cytoplasm. The number of Nissl bodies in the I/R + AAV-CISD2 group was significantly reduced compared with that in the I/R + AAV-NC 
group. Scale bars: 20 µm. (K–N) Representative western blots and quantitative evaluations of CISD2 overexpression in terms of TFR1, xCT, and GPX4 expression in cerebral tissue. (O–Q) 
The effect of CISD2 overexpression on MDA, Fe2+, and GSH in the cerebral tissue of CIRI mice. The data were normalized to those from the control group. Data are represented as the 
mean ± SEM (n = 3–10). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way analysis of variance followed by Tukey’s post hoc test). (R) The effect of CISD2 overexpression 
on mitochondrial morphology in cerebral tissue following CIRI in mice, evaluated via TEM. In the I/R group, the mitochondria were shrunken and the crest structures had disappeared. 
However, when CISD2 was overexpressed, the degree of injury in the mitochondrial morphology was significantly lower. Scale bars: 500 nm. AAV: Adeno-associated virus vector; CIRI: 
cerebral ischemia/reperfusion injury; CISD2: CDGSH iron sulfur domain 2; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GPX4: glutathione peroxidase 4; GSH: glutathione; 
I/R: cerebral ischemia/reperfusion; MDA: malondialdehyde; LV: lentiviral vector; NC: negative control; Sham: sham-operated group; TEM: transmission electron microscope; TFR1: 
transferrin receptor 1; TTC: 2,3,5-triphenyl-2H-tetrazolium chloride; xCT: a cystine/glutamate antiporter. 
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Overexpression of CISD2 offers protection against OGD/R injury by 
inhibiting ferroptosis in HT22 cells
To further explore the neuroprotective effect of CISD2, we overexpressed 
or knocked down the gene via transfection in HT22 cells (Figure 4A–D). Our 
investigation of the survival rates indicated that, when compared with the 
OGD/R group, CISD2 overexpression significantly improved the survival rates 
of HT22 cells following injury. However, compared with the OGD/R group, 
the knockdown of CISD2 aggravated the OGD/R injury (all P < 0.01; Figure 4E 
and F). In addition, the expression levels of GPX4 and xCT were significantly 
reduced, while the levels of Fe2+ and lipid ROS, as well as the expression of 
TFR1, were significantly increased in the OGD/R group compared with the 
control group (all P < 0.01). Moreover, the expression levels of GPX4 and xCT 
were significantly increased and the levels of Fe2+ and lipid ROS, as well as 
the expression of TFR1, were significantly reduced in the OGD/R + CISD2-
OE group compared with the OGD/R + NC group (all P < 0.01; Figure 4G–M). 
Together, these results indicate that the overexpression of CISD2 can alleviate 
OGD/R injury by inhibiting ferroptosis.

Overexpression of CISD2 significantly promotes the expression of Nrf2/
HO-1 in in vivo and in vitro CIRI
We investigated the mechanisms by which CISD2 overexpression alleviated 
the effects of injury. We found that, compared with the Sham or Control 
group, the expression of Nrf2 in the nucleus was clearly increased, although 
the expression of HO-1 was considerably reduced in the brain tissue and 
in OGD/R injured-HT22 cells (all P < 0.05; Figure 5A–H). When compared 
with the I/R + AAV-NC or OGD/R + NC groups, the overexpression of CISD2 
enhanced the expression of Nrf2 in the nucleus, and the expression of HO-1 
was significantly increased in the in vivo and in vitro CIRI models (all P < 0.05; 
Figure 5A–H). Together, these results indicate that the Nrf2/HO-1 pathway 
was activated in in vivo and in vitro models of CIRI and that the overexpression 
of CISD2 further activated this pathway.

Nrf2 inhibitor reverses the neuroprotective effects and resistance to 
ferroptosis induced by CISD2 overexpression in mice with CIRI 
We used ML385 to investigate the role of the Nrf2 /HO-1 pathway in the 
overexpression of CISD2. The behavioral change scores revealed that ML385 
reversed the neuroprotective effects of CISD2 overexpression (P < 0.05; 
Figure 6A), and the volumes of the cerebral infarcts were clearly increased 
compared with those in the I/R + AAV-CISD2 group (P < 0.0001; Figure 6B and 
C). Subsequently, we examined the indicators of ferroptosis. When compared 
with the I/R + AAV-CISD2 group, the expression levels of GPX4 and xCT, as well 
as the content of GSH in the brain tissue were significantly reduced, whereas 
the contents of MDA and Fe2+, as well as the expression of TFR1 in the brain 
tissue were significantly increased in the I/R + AAV-CISD2 + ML385 group 
(all P < 0.05; Figure 6D–J). The transmission electron microscopy indicated 
that, compared with the I/R + AAV-CISD2 group, ML385 clearly limited the 
protective effects of CISD2 overexpression on mitochondrial morphology 
(Figure 6K). Together, these results suggest that the activation of the Nrf2/
HO-1 pathway was involved in the neuroprotective effects and resistance to 
ferroptosis induced by CISD2 overexpression in mice with CIRI. 

Nrf2 inhibitor reverses the neuroprotective effects and resistance to 
ferroptosis induced by the overexpression of CISD2 in HT22 cells with 
OGD/R injury
To explore the role of the Nrf2/HO-1 pathway in CISD2-overexpression mediated 
protective effects, we performed an in vitro experiment. The results revealed 
that, when compared with the OGD/R + OE group, the cell survival rates were 
significantly reduced in the OGD/R + OE + ML385 group (P < 0.05; Figure 7A 
and B). The expression levels of GPX4 and xCT were markedly reduced and the 
expression of TFR1 was significantly increased after treatment with ML385. 
Moreover, the inhibition of Fe2+ and lipid ROS via the overexpression of CISD2 
was abolished by the application of ML385 (all P < 0.05; Figure 7C–I). Together, 
these results suggest that activation of the Nrf2/HO-1 signaling pathway may be 
involved in the protective effects and resistance to ferroptosis induced by the 
overexpression of CISD2 in HT22 cells with OGD/R injury. 

Figure 4 ｜ Overexpression of CISD2 alleviates OGD/R injury and inhibits ferroptosis in HT22 cells.
(A–D) Representative western blots and quantitative evaluations of the effects of CISD2 overexpression and knockdown in terms of HT22. (E, F) The effect of CISD2 overexpression 
on HT22 cell survival rates following OGD/R injury, evaluated via Calcein-AM/PI. The data were normalized to that of the control group. Compared with the control group, the HT22 
cell survival rates following OGD/R injury were significantly reduced. The HT22 cell survival rates following OGD/R injury in the OGD/R + OE group were significantly increased when 
compared with the OGD/R + OE-NC group. The HT22 cell survival rates in the OGD/R + shRNA group were significantly reduced compared with those in the OGD/R + shRNA-NC group. 
Green: living cells; red: dead cells. (G–J) Representative western blots and quantitative evaluation of the effects of CISD2 overexpression on the expression of TFR1, xCT, and GPX4 
following OGD/R injury. (K) The effect of CISD2 overexpression on the fluorescence of Fe2+ following OGD/R injury. The levels of Fe2+ were significantly reduced in the OGD/R + OE 
group when compared with those in the OGD/R + OE-NC group. Scale bars: 100 µm (E), 10 µm (K). (L, M) The effect of CISD2 overexpression on the lipid ROS following OGD/R injury, 
detected via flow cytometry. The data were normalized to that of the control group. Data are represented as the mean ± SEM. The experiment was repeated three times. *P < 0.05, 
**P < 0.01, ***P < 0.001. ****P < 0.0001 (one-way analysis of variance followed by Tukey’s post hoc test). CISD2: CDGSH iron sulfur domain 2; GAPDH: glyceraldehyde-3-phosphate 
dehydrogenase; GPX4: glutathione peroxidase 4; NC: negative control; OE: overexpression; OGD/R: oxygen-glucose deprivation/reoxygenation; ROS: reactive oxygen species; TFR1: 
transferrin receptor 1; xCT: a cystine/glutamate antiporter.
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Figure 5 ｜ CISD2 overexpression activates the Nrf2/HO-1 pathway in in vivo and in vitro models of CIRI.
(A–D) Representative western blots and quantitative evaluations of the effect on CISD2 overexpression on the expression of nuclear-Nrf2 and HO-1 in cerebral tissue following CIRI 
in mice. (E–H) Representative western blots and quantitative evaluations of the effect of CISD2 overexpression on the expression of nuclear-Nrf2 and HO-1 in OGD/R-induced HT22 
cells. Data are represented as the mean ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance followed by Tukey’s post hoc test). CIRI: Cerebral ischemia/
reperfusion injury; CISD2: CDGSH iron sulfur domain 2; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; HO-1: heme oxygenase-1; I/R: cerebral ischemia/reperfusion; Nrf2: 
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Figure 6 ｜ ML385 reverses CISD2 overexpression-induced neuroprotective effects and resistance to ferroptosis following CIRI.
(A) Neurological dysfunction scores (Longa Score Scale). The effect of ML385 on neurological function in mice following CIRI. (B, C) The effect of ML385 on the infarct volume following 
CIRI, detected via TTC staining. The volumes of the cerebral infarcts in the I/R + AAV-CISD2 + ML385 group were clearly increased compared with those in the I/R + AAV-CISD2 group. 
The white area represents the infarct area. The red area represents the normal area. (D–G) Representative western blots and quantitative evaluations of the effect of ML385 on TFR1, 
xCT, and GPX4 expression in cerebral tissue following CIRI in mice. (H–J) The effect of ML385 on MDA, Fe2+, and GSH in cerebral tissue in mice following CIRI. The data were normalized 
to that of the control group. Data are represented as the mean ± SEM (n = 3–10), and were analyzed by a one-way analysis of variance followed by Tukey’s post hoc test (infarct 
volume, contents of GSH, MDA, Fe2+, and western blots) or by the non-parametric Mann-Whitney U test (neurological dysfunction scores). *P < 0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.0001. (K) The effect of ML385 on mitochondrial morphology in the cerebral tissue of CIRI mice, examined via TEM. Scale bars: 500 nm. AAV: Adeno-associated virus vector; CIRI: 
cerebral ischemia/reperfusion injury; CISD2: CDGSH iron sulfur domain 2; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GPX4: glutathione peroxidase 4; GSH: glutathione; I/R:  
cerebral ischemia/reperfusion; MDA: malondialdehyde; ML385: inhibitor of Nrf2; NC: negative control; TEM: transmission electron microscope; TFR1: transferrin receptor 1; TTC: 
2,3,5-triphenyl-2H-tetrazolium chloride; xCT: a cystine/glutamate antiporter. 

Discussion
Recent studies have indicated that the incidence of stroke in China is 
growing every year (Liu et al., 2020; Xing et al., 2021). Presently, the clinical 
effectiveness of stroke treatment is not satisfactory (Hatakeyama et al., 2020; 
Mo et al., 2020). Hence, further investigations are urgently warranted to 

alleviate the pathological damage caused by ischemic stroke and to explore 
potential pharmacological targets for treatment. 

As a member of the iron-sulfur cluster protein family, CISD2 reportedly plays 
an important role in regulating the lifespan of mammals (Wu et al., 2012). 
Recently, CISD2 has attracted great attention from researchers focused on 
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neurodegenerative and spinal cord injuries. In mice with Alzheimer’s disease, 
the upregulation of CISD2 significantly increased the number of neuronal 
precursor cell populations and significantly decreased the abnormal activity of 
microglia (Chen et al., 2010). Moreover, the upregulation of CISD2 in a mouse 
model of spinal cord injury significantly enhanced the anti-inflammatory and 
anti-oxidative stress capacity of the organism (Lin et al., 2015b). However, 
the role of CISD2 in CIRI remains unclear. Our study revealed that the 
expression of CISD2 was significantly reduced in the case of CIRI and OGD/R 
injury. The overexpression of CISD2 significantly attenuated the pathological 
injury, behavioral dysfunction, and cerebral infarct volume in mice with CIRI. 
Furthermore, in vitro experiments established that the overexpression of 
CISD2 significantly increased the survival rates of HT22 cells with OGD/R 
injury. 

Ferroptosis involves an imbalance of intracellular iron homeostasis and the 
accumulation of lipid peroxidation, which are some of the causes of CIRI 
(Cui et al., 2021; Jin et al., 2021; Li et al., 2021c). In the nervous system, 
iron homeostasis maintains the balance of intracellular lipids, proteins, 
carbohydrates, and DNA (Nakamura et al., 2019; Torti and Torti, 2020). In 
recent years, numerous studies have demonstrated that the inhibition of 
ferroptosis can significantly attenuate neurological dysfunction and reduce the 
infarct volume in CIRI (Li et al., 2021a, b; Mishima, 2022). Therefore, research 
strategies that target ferroptosis hold immense promise in resisting CIRI. As a 
member of the iron-sulfur cluster protein family, CISD2 possesses the ability 
to regulate iron transport (Chen et al., 2010). In cancerous head and neck 
tumors, Kim et al. (2018) showed that the upregulation of CISD2 enhanced 
cell resistance to ferroptosis by regulating intracellular iron metabolism.

Extracellular Fe3+ enters cells mainly via TFR1 (Zaugg et al., 2020), and 
intracellular Fe3+ is reduced to Fe2+ via a series of endocytotic processes (Shen 
et al., 2018; Gao et al., 2019a). High levels of intracellular Fe2+ are a main 
factor contributing to unstable intracellular iron pools. High intracellular 
labile iron leads to membrane lipid peroxidation via the Fenton reaction, 
thereby resulting in the excessive accumulation of lipid ROS and MDA 
(Wang et al., 2021; Horniblow et al., 2022). Our present results signify that 
the overexpression of CISD2 could reduce intracellular Fe2+ overload by 

suppressing the expression of TFR1 in vivo and in vitro, thereby reducing the 
production of lipid peroxides at the source. Lipid peroxides are removed by 
an antioxidant system including the xCT/GPX4 axis (Lee et al., 2021; Mu et al., 
2022). However, when cerebral I/R occurs, the antioxidant axis is disrupted 
and GSH is depleted, limiting the decomposition of lipid peroxidation 
products. Our results thus revealed that the expression levels of xCT and 
GPX4, as well as the content of GSH, were increased by CISD2 overexpression 
in mice. As might be expected, lipid peroxidation products were reduced 
because of the enhanced activity of the antioxidant system. These results 
suggest that the overexpression of CISD2 attenuates CIRI and OGD/R injury by 
inhibiting ferroptosis. However, the mechanisms underlying the resistance of 
CISD2 to ferroptosis remain to be elucidated.

Interestingly, we found the expression of Nrf2 in the nucleus to be significantly 
increased in mice with CIRI compared with that in the Sham group. This 
indicates that CIRI promotes endogenous Nrf2 activation. However, the 
activation of endogenous Nrf2 is not sufficient to resist CIRI. We found that 
the Nrf2/HO-1 pathway was activated after CISD2 overexpression in the case 
of CIRI and OGD/R injury. The activation of this pathway is a key factor in 
maintaining the dynamic balance of cellular redox as well as lipid and iron 
metabolism (Jiang et al., 2020; Ma et al., 2020; Han et al., 2021). Previously, 
increased CISD2 expression was found to significantly attenuate oxidative 
damage in mice with non-alcoholic fatty liver disease, and Nrf2 might be 
involved in this protective effect (Huang et al., 2021). This is consistent with 
our findings. Specifically, our results suggest that the inhibition of Nrf2/
HO-1 exacerbates the accumulation of intracellular iron and enhances 
the expression of TFR1. When combined with the findings of past studies, 
our data suggest that TFR1 expression is upregulated via Nrf2 inhibition 
(Pantopoulos and Hentze, 1995; Lee et al., 2003). Moreover, previous studies 
have indicated that ML385 reverses the upregulation of antioxidant system-
related indicators and lowers the levels of lipid peroxidation products after 
CISD2 overexpression. This observation is consistent with the results of the 
current study. The activation of Nrf2 and its downstream antioxidant pathway 
were also found to activate to catabolize intracellular lipid peroxidation 
products and to regulate the relevant indicators of the antioxidant system via 
a positive feedback mechanism (Feng et al., 2021; Salama et al., 2021; Du et 
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Figure 7 ｜ ML385 reverses the neuroprotective effects and resistance to ferroptosis in mice with CISD2 overexpression following OGD/R injury.
(A, B) The effect of CISD2 overexpression on HT22 cell survival rates following OGD/R injury, evaluated via Calcein-AM/PI. The data were normalized with respect to the control group. 
Compared with the OGD/R + OE group, the cell survival rates were significantly reduced in the OGD/R + OE + ML385 group. Green: living cells, red: dead cells. (C–F) Representative 
western blots and quantitative evaluations of the effect of ML385 on the expression of TFR1, xCT, and GPX4 following OGD/R injury. (G) The effect of ML385 on the fluorescence of 
Fe2+ following OGD/R injury. The levels of Fe2+ were significantly increased in the OGD/R + OE + ML385 group when compared with those in the OGD/R + OE group. Scale bars: 100 
µm (A), 10 µm (G). (H, I) The effect of ML385 on the lipid ROS following OGD/R injury, detected via flow cytometry. Data are represented as the mean ± SEM (n = 3). *P < 0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.0001 (one-way analysis of variance followed by Tukey’s post hoc test). CISD2: CDGSH iron sulfur domain 2; GAPDH: glyceraldehyde-3-phosphate 
dehydrogenase; GPX4: glutathione peroxidase 4; ML385: inhibitor of Nrf2; NC: negative control; OGD/R: oxygen-glucose deprivation/reoxygenation; OE: overexpression; ROS: reactive 
oxygen species; TFR1: transferrin receptor 1; xCT: a cystine/glutamate antiporter.
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al., 2022). Indeed, the neuroprotective effect of CISD2 overexpression was 
weakened by the inhibition of Nrf2/HO-1. 

Considering the abovementioned results, the overexpression of CISD2 
appeared to promote the nuclear translocation of Nrf2, which in turn 
activated the Nrf2/HO-1 signaling pathway. The activation of this pathway 
alleviates nerve damage in two ways: it reduces the overload of iron and 
protects the antioxidant system. While Nrf2 partly regulates iron transport in 
the cell via TFR1, thus limiting the overload of intracellular iron and inhibiting 
the Fenton reaction, it also offers protection against the dysfunction of the 
lipid oxidation system and enhances the decomposition of lipid peroxidation 
products. These findings imply that CISD2 overexpression promotes Nrf2/
HO-1 activation, and that this activation may be related to ferroptosis 
resistance induced by CISD2 overexpression. Although some studies have 
demonstrated that HO-1 has widely varying roles in different contexts, 
this may be related to the effects of its prolonged over-activation (Zhao 
et al., 2020). In the present study, we found that the moderate activation 
of HO-1 exhibited a protective effect against CIRI. This result is consistent 
with the findings of current mainstream studies (Fan et al., 2019; Lin et al., 
2021; Xue et al., 2021). In our study, mitochondrial morphological changes 
were observed as an indicator of ferroptosis. In addition, previous studies 
have shown that CISD2 can significantly enhance mitochondrial oxidative 
phosphorylation and ATP generation in damaged cells (Yeh et al., 2019; Chen 
et al., 2020b), but its effect on mitochondrial function in CIRI requires further 
investigation.

Our study has some limitations. First, the exact mechanism by which CISD2 
overexpression promotes Nrf2 activation in mice with CIRI should be further 
explored. Second, in vivo experiments using primary cultures of neurons are 
likely to be more helpful for exploring the specific molecular mechanisms. 
Also, the sample size of the experiment is small in our experimental design.

In conclusion, this study demonstrated that the upregulation of CISD2 exerts 
protective effects on CIRI, which may be related to the inhibition of Nrf2/
HO-1-mediated ferroptosis. Hence, we expect CISD2 to serve as a potential 
pharmacological target for ischemic stroke.
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