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Abstract
The emergence of ferroptosis as a cell death pathway associated with brain disorders including stroke and neurodegenerative 
diseases emphasizes the need to develop therapeutics able to target the brain and to protect neurons from ferroptotic death. 
Selenium plays an essential role in reducing lipid peroxidation generated during ferroptosis through its incorporation into 
the catalytic site of glutathione peroxidase 4. Here, we compared the anti-ferroptotic activity of several organic and inorganic 
selenium compounds: methylselenocysteine, selenocystine, selenomethionine, selenocystamine, ebselen, sodium selenite, 
and sodium selenate. All were effective against erastin- and RSL3-induced ferroptosis in vitro. We characterized the abil-
ity of the selenium compounds to release selenium and boost glutathione peroxidase expression and activity. Based on our 
results, we selected organic selenium compounds of similar characteristics and investigated their effectiveness in protecting 
against neuronal death in vivo using the cerebral ischemia–reperfusion injury mouse model. We found that pretreatment 
with methylselenocysteine or selenocystamine provided protection from ischemia–reperfusion neuronal damage in vivo. 
These data support the use of ferroptosis inhibitors for treatment and select selenium compounds for prevention of neuronal 
damage in ischemic stroke and other diseases of the brain where ferroptosis is implicated.
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Introduction

Selenium is an essential element in humans and it is pre-
sent in diet in multiple inorganic and organic forms. Sele-
nomethionine is more bioavailable than inorganic forms 
of selenium such as selenite and selenate [1, 2]. Selenium 
is widely distributed in the body but animal studies sug-
gested that selenium is preferentially retained in the brain 
under selenium-deficient conditions [3], and human stud-
ies showed that lower selenium levels are associated with 

cognitive decline and oxidative stress in the elderly [4–6]. 
Selenium supplementation has been investigated initially 
in multiple clinical trials mainly in the cancer prevention 
field with contradictory results generally attributed to the 
lack of information regarding selenium status of enrolled 
participants [7–11]. Selenium is transported in the body 
in the form of a selenocysteine-rich protein named seleno-
protein P (SelP), which is taken up by cells through LRP2 
and LRP8 receptors with LRP8 being the main selenium 
receptor expressed in neurons [12]. There are currently 25 
selenoproteins in the human proteome classified into three 
subfamilies that include thioredoxin reductase, glutathione 
peroxidase, and iodothyronine deiodinases [13]. Since the 
discovery of ferroptosis in 2012 [14] and the emergence of 
the selenium-dependent glutathione peroxidase 4 (GPX4) 
as a master regulator of ferroptosis [15, 16], basic and 
clinical research on selenium-dependent glutathione per-
oxidase (GPX) has been linked to several brain diseases 
including neurodegenerative diseases and ischemic stroke 
[17–21].

Ferroptosis is a cell death pathway characterized by 
the build-up of lethal lipid hydroperoxides induced by 
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iron-dependent catalytic mechanisms. Iron chelators such 
as deferiprone and lipophilic radical trapping agents such 
liproxstatin-1 protect against ferroptosis [14, 20]. The 
essential biological role of selenium as a major determi-
nant of ferroptosis susceptibility is due to its functional 
incorporation in the active site of the GPX4 enzyme, 
which is the primary cellular defence against ferroptosis 
by detoxifying lipid hydroperoxides into lipid alcohols. 
Indeed, the specific incorporation of selenium as seleno-
cysteine in GPX4 is critical for the survival of parval-
buminergic (PV+) interneurons, thereby preventing fatal 
epileptic seizures in mice [16]. Recently, the pharmaco-
logical supplementation of selenium (as a selenoprotein 
P fused to a transducing peptide) was demonstrated to 
drive a transcriptional response to augment GPX4 and 
other anti-ferroptotic genes to protect neurons from fer-
roptosis and prevent hemorrhagic and ischemic stroke in 
mice [22]. Here, we compare the anti-ferroptotic activities 
of several inorganic and organic forms of selenium using 
an in vitro neuronal cell culture model. We determine 
the protective effect of selected organic selenium com-
pounds (selenocompounds) with similar anti-ferroptotic 
properties in transient middle cerebral artery occlusion 
(MCAO)–induced focal ischemia–reperfusion injury, an 
in vivo model of inducing ferroptosis in murine brains 
following ischemic stroke [19].

Results

Selenocompounds Confer a Potent Anti‑ferroptotic 
Response in N27 Neuronal Cells

To evaluate the anti-ferroptotic activity of selenium, we 
selected a wide range of selenocompounds ranging from 
inorganic selenium (selenite, selenate), organic selenium 
(selenomethionine, selenocystine, methylselenocysteine, 
selenocystamine), and a synthetic selenocompound (ebse-
len). The effect of selenium on ferroptosis was evaluated 
in the N27 immortalized neuronal cell line model using 
liproxstatin-1 as the gold standard anti-ferroptotic drug for 
comparison and validation of ferroptosis (Fig. 1a). Fer-
roptosis was induced in two different modes using erastin 
or RSL3. Erastin, which is a potent inhibitor of system 
xCT, prevents cellular cystine import, leading to a con-
comitant blockade of glutathione synthesis, the cofactor 
of GPX4, ultimately inhibiting GPX4 activity. RSL3 is a 
direct inhibitor of GPX4 that induces ferroptosis by pre-
venting GPX4-mediated clearance of lipid hydroperoxides.

All inorganic and organic selenocompounds were used 
at ≤ 1 μM, which was subtoxic but sufficient to provide full 
resistance to ferroptosis (11 < EC50 < 925 nM; Fig. 1b–g). 
Ebselen required higher (> 2 μM) concentrations to pro-
tect against ferroptosis (Fig. 1h). All selenocompounds 

Fig. 1   Selenocompounds rescue ferroptosis in N27 cells. Ferrop-
tosis was induced in N27 cells after incubation with either erastin 
(1  μM, blue line) or RSL3 (0.1  μM, red line) for 24  h. Toxicity of 
each compound was evaluated in the absence of ferroptosis inducers 
(control, black line). Dose–response curve of the standard anti-ferrop-
totic compound liproxstatin-1 a and the selenocompounds: sodium 

selenite b, sodium selenite c, selenomethionine d, selenocystine e, 
methylselenocysteine f, selenocystamine g, and ebselen h. Data are 
means ± SEM, n = 5 independent experiments with 4 replicates in 
each experiment. Data were fitted using a nonlinear regression curve 
to determine EC50 with 95% confidence interval as summarized in 
Table 1
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exhibited dose-dependent rescue of cell death induced by 
erastin or RSL3; the EC50 of each compound against either 
toxin was similar. However, there was large variance in 
potencies between the different compounds (Table 1). The 
most potent selenocompounds were selenite (EC50erastin: 
38  nM) and selenocystine (EC50erastin: 38  nM), which 
were slightly more potent than liproxstatin-1 (EC50erastin: 
49 nM), followed by methylselenocysteine (EC50erastin: 
146 nM) and selenocystamine (EC50erastin: 277 nM) with 
potencies 2- to fivefold lower than that of liproxstatin-1. 
Less potent compounds included selenomethionine 
(EC50erastin: 482 nM) and selenate (EC50erastin: 925 nM), 
while ebselen showed an atypical dose–response curve 
with a narrow micromolar concentration range (5–10 μM) 
exhibiting full anti-ferroptotic rescue concomitant with 
slight increase in toxicity in the absence of erastin/RSL3 
(Fig. 1h).

Selenocompounds Increase Selenium Levels, GPX 
Expression, and Activity with Differing Responses

We surveyed the impact of the selenocompounds (at 1 μM 
for 24 h, except for ebselen which was also examined at 

10 μM) on cellular selenium levels to test whether their 
impact on ferroptosis resistance was a simple product of 
selenium retention (Fig. 2a). Selenomethionine induced 
dramatically more selenium retention compared to the 
other organic selenocompounds and the degree of sele-
nium retention did not readily account for ferroptosis 
resistance (Fig. 2a).

We next measured GPX activity in response to this 
supplementation with selenocompounds, since changes 
in selenium-containing GPX activity reflect the incorpo-
ration of selenium into the active sites of these enzymes. 
Inorganic and organic selenocompounds induced a compa-
rable increase in GPX activity (Fig. 2b). Selenomethionine 
did not induce an increase in activity commensurate with 
the tenfold higher selenium levels that it induced (Fig. 2c). 
Therefore, although absorbed at a high rate, selenomethio-
nine might not be contemporaneously converted into the 
selenocysteine that comprises the active site. In contrast, 
ebselen failed to increase GPX activity and only a slight 
increase in selenium was observed when a tenfold excess 
was used to treat the cells (Fig. 2b), indicating that ebselen 
does not rescue ferroptosis through a selenium-delivery 
mechanism (Fig. 2c).

Table 1   EC50 values of selenocompounds against erastin and RSL toxicities normalized to moles of selenium

EC50 (nM) Liproxstatin-1 Selenite Selenate Selenomethionine Selenocystine Methylselenocysteine Selenocystamine Ebselen

Erastin 49 38 925 482 38 146 277 7849 to 10,835
RSL3 20 15 489 775 22 72 334 7500 to 9600

Fig. 2   Selenocompounds increase intracellular selenium levels and 
GPX activities at different rates. a Total selenium levels measured by 
ICP-MS and b GPX activity were measured in N27 cells treated for 
24 h with the different selenocompounds. All selenocompounds were 
used at the same concentration (1 μM), and ebselen was used at an 
additional higher dose (10 μM) as the determined EC50 was consid-
erably higher than 1  μM. c Correlation between selenium level and 

GPX activity determined for the used selenocompounds indicate poor 
correlation for ebselen and selenomethionine (empty filled circles), 
Methyl-S-cys = methylselenocysteine. Data are means ± SEM, n = 3 
independent experiments with 3 replicates in each experiment. P val-
ues were calculated using the Brown-Forsythe and Welch ANOVA 
test corrected for multiple comparison. *P < 0.05, ***P < 0.001
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We next analyzed the expression of three selenoproteins 
in response to selenocompound treatment (1 μM for 24 h): 
GPX1and GPX4 as the major selenium peroxidases and the 
selenium transport protein selenoprotein P (SelP) as a refer-
ence selenoprotein (Fig. 3). The selenocompounds induced 
an increase in GPX1 and GPX4 expression (Fig.  3a–c) 

commensurate with the increase in GPX activity (Fig. 2b). 
Expression of SelP was not altered by treatment (Fig. 3d). 
We repeated ebselen treatment using 1 and 10 μM and 
found that both concentrations were ineffective in increasing 
GPX1 levels while a slight increase in GPX4 expression was 
recorded when cells were treated with 10 μM (Fig. 3e, f).

Fig. 3   Selenocompounds but not ebselen increase GPX protein lev-
els. a Representative Western blot of selenoprotein expression in N27 
cells after treatment with 1  μM of the selenocompounds for 24  h. 
Quantification of the expression of b GPX1, c GPX4, and d SelP was 
normalized to β-actin. e, f The effect of high doses of ebselen on the 

expression of selenoproteins in N27 cells. Data are means ± SEM, 
n = 3 independent experiments with 3 replicates in each experiment. 
P values were calculated using the Kruskal–Wallis test (b, c, d) and 
two-way ANOVA (f) corrected for multiple comparison. **P < 0.01, 
***P < 0.001
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Methylselenocysteine and Selenocystamine 
but not Selenocystine Are Protective Against 
MCAO‑Induced Ischemic Injury in Mice

Based on our in vitro data, we selected selenocystine, sele-
nocystamine, and methylselenocysteine as candidate drugs 
to test rescue against ferroptosis in vivo because they were 
organic compounds, exhibited weaker and stronger anti-
ferroptotic activity, respectively (in order to try to achieve a 
preliminary study of structure–activity relationship), while 
only moderately increasing intracellular selenium (Table 2), 
and have reported a favourable toxicity profile over other 
selenocompounds in preclinical animal models [23, 24]. We 
chose MCAO-induced focal cerebral ischemia–reperfusion, 
a previously characterized model in mice, for inducing neu-
ronal death following ischemic injury [19]. Previously, we 
validated the involvement of ferroptosis in neuronal death 
induced by MCAO in 3-month-old C57/BL6 mice by rescu-
ing ischemia–reperfusion injury, and consequent neurologi-
cal deficit, using intranasal administration of anti-ferroptotic 
compounds, liproxstatin-1 (antioxidant/radical trapping 
agent), ferrostatin-1 (antioxidant/radical trapping agent), 
and ML351 (15-lipoxygenase-1 inhibitor) [19]. We further 
confirmed the involvement of ferroptosis in our animal model 
and showed that GPX4 levels significantly decreased in the 
ipsilateral hippocampus brain region (Fig. 4a, b), and that 
GPX activity was reduced in the ipsilateral hippocampus 
and cortex regions (Fig. 4c) following ischemia–reperfusion 
injury. In contrast to the classical intranasal administration, 
which is preferred for the current anti-ferroptotic drugs due to 
their low penetrability in the brain, mice in this study received 
intraperitoneal injections (0.5 mg/kg) or vehicle (saline) for 
5 days prior to MCAO. The dose of 0.5 mg/kg body weight is 
much lower than the reported LD50 for methylselenocysteine 
(LD50: 9.26 to 12.60 mg/kg body weight) [24].

We found that selenocystamine and methylselenocysteine 
were both effective in attenuating MCAO-induced neurologi-
cal deficits 6 h post-reperfusion (selenocystamine—18%; 
methylselenocysteine—22%) and reached statistical sig-
nificance 24 h post-reperfusion (selenocystamine—27%, 

P = 0.012; methylselenocysteine—31%, P = 0.0034; com-
pared with lesioned control mice, two-way ANOVA cor-
rected for multiple comparison with Dunnett; Fig. 4d). Fur-
thermore, both selenocompounds markedly reduced infarct 
volume 24 h post-reperfusion with methylselenocysteine 
being the most potent compound (selenocystamine—42%, 
P = 0.0030; methylselenocysteine—58%, P = 0.0005, two-
way ANOVA corrected for multiple comparison with Dun-
nett; Fig. 4e, f). In contrast, selenocystine failed to attenuate 
neurological deficits or infarct volume (Fig. 4d–f). A possible 
reason for this result is the low expression of xCT in vivo, 
which is the transporter that delivers selenocystine to the cell, 
while the expression of this cystine importer is known to be 
highly induced in cells cultured in vitro [25]. Taken together, 
this indicated that treatment with either selenocystamine or 
methylselenocysteine prior to ischemia–reperfusion injury 
prevents the loss of neurons and functional impairment, 
consistent with the in vitro activities of the compounds for 
inhibiting ferroptosis.

Discussion

Here, we report the pharmacology of different organic, 
inorganic, and synthetic selenocompounds against ferrop-
tosis in vitro, and demonstrate that selenocystamine and 
methylselenocysteine are protective in the MCAO model, 
where ferroptosis is implicated. The translational potential 
of selenium for stroke is evidenced by a recent study that 
demonstrated that combined use of selenite with another 
anti-ferroptotic compound, N-acetylcysteine, improved mul-
tiple outcomes in a clinical trial of 123 patients with intrac-
erebral haemorrhage [26]. This clinical trial supports prior 
findings in animal models that use selenium for hemorrhagic 
and ischemic stroke.

Recently, the potential benefit of systemic application of 
selenium in preventing neuronal ischemia–reperfusion injury 
was demonstrated in vivo using a selenopeptide, Tat Sel-
Pep, a fusion of HIV-Tat protein, and C-terminal domain of 
SelP (23). However, small molecule selenocompounds such 

Table 2   Summary of the reported effect of the different selenocompounds

Selenocompounds Erastin 
protection

RSL3 
protection

Selenium levels SelP levels GPX1 levels GPX4 levels GPX activity

Selenite ↑↑↑ ↑↑↑ ↑↑ - ↑↑↑↑ ↑↑↑ ↑↑
Selenate ↑↑ ↑↑ ↑ - ↑↑↑ ↑↑ ↑
Selenomethionine ↑↑ ↑↑ ↑↑↑↑ - ↑↑↑ ↑↑ ↑↑
Selenocystine ↑↑↑ ↑↑↑ ↑↑ - ↑↑↑↑ ↑↑↑ ↑↑
Methylselenocysteine ↑↑ ↑↑ ↑↑ - ↑↑↑↑ ↑↑↑ ↑↑
Selenocystamine ↑↑ ↑↑ ↑↑ - ↑↑↑ ↑↑ ↑
Ebselen ↑ ↑ ↑ - - - -
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as sodium selenate were also shown to penetrate the brain to 
attenuate neuronal damage in other animal studies [27]. A 
comparison between different selenocompounds against fer-
roptosis, selenium delivery, and functional incorporation into 
selenoproteins has not previously been investigated. We found 
that both inorganic and organic selenocompounds have vary-
ing potencies against ferroptosis that are unlikely to be merely 
related to the extent of selenium uptake. Similarly, the degree 
of upregulation of different selenoenzymes did not explain the 
differences in potencies. This is perhaps not surprising, because 
elevating GPX4 may benefit a cell challenged by RSL3 (GPX4 

inhibitor) or erastin (depleting the GSH substrate required for 
GPX4 activity). Therefore, these data might be consistent with 
a GPX4-independent mechanism of protection by selenium, 
such as activating the selenome gene transcription cassette [22].

Ebselen is used as an antioxidant that mimics GPX, but 
does not release its selenium for incorporation into selenopro-
teins [28, 29]. Ebselen has been previously reported to pro-
tect against ferroptosis in some in vitro studies [14, 30], but 
it has not been approved as a drug after it showed insufficient 
efficacy in clinical trials of cerebral ischemia [31]. We have 
confirmed that ebselen at pharmaco-therapeutically useful 

Fig. 4   Selenocompounds prevent ischemia/reperfusion neuronal dam-
age in the MCAO mouse model. a Representative Western blot of 
GPX4 expression in hippocampus from the ipsilateral and contralat-
eral brain regions in MCAO mice after 24-h reperfusion following 
ischemia, and the corresponding GPX4 expression levels normalized 
to β-actin are provided in b. c GPX activity measurement in the ipsi-
lateral and contralateral hippocampus and cortex regions in MCAO 
mice after 24-h reperfusion following ischemia. d Pretreatment with 
either selenocystamine or methylselenocysteine but not selenocystine 
(0.5 mg/kg body weight for 5 days) attenuated progressive neurologi-

cal deficits in the MCAO mouse model and reached significance 24 h 
post-reperfusion. e Representative images of stained brain sections 
showing the change of infarct area caused by MCAO 24 h after rep-
erfusion in selenium-treated animals (scale bar 10 mm). f Quantifica-
tion of the infarct volume in the MCAO model after 24-h reperfusion 
in control and selenium-pretreated animals. Data are means ± SEM, 
n = 5 (a–c), n = 4 (d–f). P values were calculated using unpaired t-test 
(b) and two-way ANOVA corrected for multiple comparison (c, d, 
and f). *P < 0.05, **P < 0.01, ***P < 0.001
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concentrations (e.g. 10 μM) does protect against ferroptosis 
using our neuronal cell model and does not release its selenium 
to be incorporated into GPX proteins in this system, in contrast 
to all other selenocompounds, which were effective in increas-
ing both GPX expression and activity. Ebselen only showed 
anti-ferroptotic activity at micromolar concentrations that also 
induced some toxicity. In contrast, all other selenocompounds 
showed a robust anti-ferroptotic activity with selenocystine 
and selenite emerging as the most potent candidate drugs with 
EC50 values within the low nanomolar range comparable to 
the best-in-class current anti-ferroptotic compound, liproxsta-
tin-1. Interestingly, we observed a tenfold increase in selenium 
upon treatment with selenomethionine but this increase did not 
translate into an increase in GPX protein expression or activ-
ity. This indicates that selenomethionine may not be readily 
transformed by the cells into the selenocysteine that comprises 
the GPX active site.

We tested the translatability of selenium supplementation 
in vivo in the mouse cerebral ischemia–reperfusion model, 
finding that methylselenocysteine and selenocystamine miti-
gated infarct volume and neurological deficits. The relative 
preventive potency matched the relative potencies of these 
compounds in preventing ferroptotic death in neuronal cells. 
The mechanism of preventing ferroptosis might be via upregu-
lation of GPX activity or protective transcriptional changes 
prior to ischemia–reperfusion injury. Elevated GPX4 activ-
ity may arise from an enhanced selenium availability for de 
novo generation of GPX4 and/or from transcriptional changes 
driven by selenium [22]. These data therefore demonstrate 
the proof of principle that brain selenium confers protection 
against ischemic stroke, possibly via inhibition of ferroptosis. 
Thus, suggesting the use of ferroptosis inhibitors for treatment 
and select selenium compounds for prevention of neuronal 
damage in ischemic stroke. In summary, our data indicate that 
select selenocompounds afford robust protection against fer-
roptotic death in neuronal cells in vitro and in vivo, providing 
the rationale for evaluating their clinical efficacy as selective 
anti-ferroptotic drugs capable of crossing the blood–brain bar-
rier and preventing neuronal death in ischemic stroke, with 
potential for other neurovascular and neurogenerative diseases 
where ferroptosis is implicated such as Alzheimer’s disease 
and Parkinson’s disease.

Methods

Cell Culture and Reagents

N27 cells, derived from E12 rat mesencephalic tissue (Cat# 
SCC048, Millipore), were cultured in RPMI 1640 medium 
(Cat# 72,400,120, Life Technologies Australia Pty., Ltd.) 
supplemented with 10% FBS (Bovogen Biologicals), peni-
cillin (100 U/mL), and streptomycin (100  μg/mL) in a 

humidified atmosphere containing 5% CO2 at 37 °C. Cells 
were utilized between passages 11 to 20. Erastin (Cat#S7242) 
and RSL3 (Cat#S8155) were purchased from Selleckchem. 
Liproxstatin-1 (Cat#SML1414) and MTT (Cat# M2128) and 
selenium compounds were purchased from Sigma-Aldrich.

Cell Treatments

Western blot analysis, metal measurement, and GPX activ-
ity assay were all evaluated from the same treated cells. 
All selenocompounds were dissolved in water. For each 
compound, cells were seeded in three 25-cm2 culture dish 
and incubated in growth media for 16 h before they were 
treated with the corresponding selenocompound or control 
(water) in growth media for a subsequent 24 h. Cells were 
harvested in phosphate-buffered saline (PBS), split into four 
tubes, and centrifuged, and pellets were stored at –20 °C 
for subsequent analyses. One pellet was used to determine 
protein concentration using the Pierce™ BCA protein assay 
(Thermo Scientific).

Selenium Measurement

Cell pellets were dissolved in concentrated nitric 
acid + hydrogen peroxide, and selenium content was meas-
ured by inductively coupled mass spectrometry (ICP-MS) 
with an Ultramass 700 (Varian, Victoria, Australia) as previ-
ously described [32] and selenium concentration was nor-
malized to protein concentration.

GPX Activity Assay

Cell pellets were resuspended in RIPA buffer (50 mM Tris, 
150  mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 
1% Triton X-100 containing protease inhibitors (Roche)). 
Resultant cell lysate was centrifuged at 10,000 g for 10 min 
at 4 °C to remove insoluble cell debris, and supernatant 
was transferred to fresh micro tubes. In a 96-well plate, 20 
μL of cell supernatant (30 μg total protein) was added to 
GPX assay buffer (final concentrations: Tris–HCl (pH 8.0, 
50 mM), NADPH (0.5 mM), GSH (0.25 mM), glutathione 
reductase (0.5U/mL)) and mixed. Tert-butyl hydroperoxide 
(t-Bu-OOH) substrate was added to a final concentration 
of 250 μM to initiate the reaction. NADPH was measured 
kinetically by reading absorbance at 340 nm every 15 s over 
30 min. GPX activity was normalized to protein concentra-
tion and determined as micromolars per minute per milli-
gram of protein (units/mg protein).

Western Blot Analysis

Proteins were extracted from cell pellets using RIPA buffer 
as described above. Fifteen micrograms of protein was 
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separated by SDS-PAGE on 4–20% Bis–Tris protein gels 
(Invitrogen) and transferred to polyvinylidene difluoride 
(PVDF) membrane using iBlot (Invitrogen). Primary anti-
bodies used were rabbit anti-GPX1 (Cat#ab22604, Abcam), 
rabbit anti-GPX4 (Cat#ab125066, Abcam), and mouse anti-
SelP (Cat#sc-376858, Santa Cruz Biotechnology). Mouse 
anti-β-actin (Cat#A5441, Sigma) was used as a loading con-
trol. Membranes were probed with horseradish peroxidase-
conjugated secondary antibodies and signal was detected 
with ECL reagent (GE Healthcare Life Science) and a 
LAS-4000 Luminescence Imaging Analyzer (GE Health-
care Life Science). Densitometry analyses were carried out 
using ImageJ software, and quantitation was normalized to 
β-actin levels.

Cell Viability Assay

Cell viability was evaluated using the MTT colorimetric 
assay as previously described [21]. Briefly, cells were cul-
tured in 96-well plates at a density of 20,000 cells/well in 
growth media for 8 h. Cells were subsequently incubated 
with selenocompounds in growth medium for 16 h prior to 
treatment with ferroptosis toxins (erastin/RSL3) and addi-
tional compounds (selenocompounds/liproxstatin-1) in 
growth medium for an additional 24 h. MTT was then added 
to the plate and absorbance was measured at 570 nm using a 
microplate reader (BioTek). Cell viability was expressed as 
a percentage of control cells.

Animal Studies

All mice were purchased from Beijing Huafukang Biosci-
ence Company (Beijing, China). Adult male C57BL/6 mice 
(25–30 g) were housed under standard conditions of temper-
ature and humidity, and a 12-h light/dark cycle (lights on at 
08:00), with free access to food and water before use. Ade-
quate measures were taken to minimize pain or discomfort 
during surgeries. Experiments were carried out following the 
Institutional Guidelines of the Animal Care and Use Com-
mittee (K2018071, Sichuan University, China). Mice were 
chosen randomly for treatment. Selenocystine (0.5 mg/kg/
day, i.p., S1650, Sigma-Aldrich), selenocystamine (0.5 mg/
kg/day, i.p., S0520, Sigma-Aldrich), methylselenocysteine 
(0.5 mg/kg/day, i.p., M6680, Sigma-Aldrich), or saline 
(0.9% NaCl) were administered for 5 days before the induc-
tion of focal cerebral ischemia in C57BL/6 mice.

Focal Cerebral Ischemia Model

All surgeries were conducted under aseptic conditions by 
a skilled animal surgeon. Transient acute focal cerebral 
ischemia was induced by reversible intraluminal MCAO, as 

described previously [19]. Mice were anesthetized with iso-
flurane (5% induction, and 1% maintenance). A 2-cm incision 
was opened in the middle of the anterior neck. Left unilateral 
MCAO was accomplished by inserting a silicon rubber-coated 
nylon monofilament (Guangzhou Jialing Biotechnology Co., 
Ltd., China) into the internal artery via the common carotid 
artery, advanced 9–10 mm past the carotid bifurcation until a 
slight resistance was felt. Adequacy of MCAO was confirmed 
by monitoring cortical blood flow using a PeriCam PSI Sys-
tem (Perimed, Järfälla, Sweden). Animals were excluded if 
mean ipsilateral laser speckle signal was > 30% of the pre-
ischemic ipsilateral hemisphere baseline. Body temperature 
was controlled at 36.5 ± 0.5 °C throughout MCAO surgery 
with a heating pad. After 60 min of occlusion, the occlud-
ing filament was withdrawn to allow for reperfusion and the 
incision was closed with 4–0 surgical sutures (Jinhuan, Co., 
Ltd.). In the sham-operated animals, the occluding filament 
was inserted only 5 mm above the carotid bifurcation. The 
surgeon was blinded to treatment groups.

Western Blot and GPX Activity in Tissue Extract

Mice were deeply anesthetized using chloral hydrate (BBI 
Life Sciences) and transcardially perfused with PBS before 
the brains were removed. The cerebral cortex and hippocam-
pus were dissected and homogenized in ice-cold lysis buffer 
containing 50 mM Tris–HCl (pH = 7.6), 150 mM NaCl, 
1%(v/v) Triton X-100, protease inhibitor cocktail (1:50, 
Roche), and phosphatase inhibitors II and III (1:1000). After 
clearing debris by centrifuging at 14,000 × g at 4 °C, protein 
concentration in the extracts was determined by BCA Protein 
Assay Kit (Beyotime). Western blot analysis and GPX activ-
ity were measured following the protocols described above.

Neurological Assessment

The neurological assessment post-surgery was performed 
by an investigator blinded to the experimental groups and 
confirmed by a second investigator blinded to the experi-
mental groups. After 0, 6, and 24 h of MCAO/reperfusion, 
the neurological deficit of each mouse was evaluated by a 
5-point scale as described previously [19]: 0, no observable 
deficit; 1, right forelimb flexion; 2, decreased resistance to 
left lateral push (and right forelimb flexion) without circling; 
3, the same behaviour as grade 2, with circling to right; 4, 
severe rotation progressing into barreling, loss of walking, 
or righting reflex.

Infarct Volume Analysis

The individual performing the infarct volume analysis was 
blinded to the treatment group. At 24 h of reperfusion, mice 
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were euthanized, and brains were removed rapidly and placed 
at –20 °C for 20 min. Coronal slices were made at 2-mm 
intervals from the frontal poles, and the 2-mm brain sections 
were incubated in 1% 2,3,5-triphenyl tetrazolium chloride 
(TTC, T8877, Sigma-Aldrich) in phosphate-buffered saline 
(PBS) for 15 min at 37 °C, and then fixed in 10% formalin for 
24 h. Infarction volume was measured using digital imaging, 
and images were analyzed using ImageJ (1.49 m, NIH) by 
an investigator blinded to the experimental groups. The area 
of infarct (white, unstained), the area of the ipsilateral hemi-
sphere (white, unstained, plus red brick, stained), and the 
area of the contralateral hemisphere (red brick, stained) were 
measured for each section by a blinded operator. The volume 
was calculated by summing the representative areas in all 
sections and multiplying by the slice thickness, then correct-
ing for edema, as previously described [19]: corrected infarct 
volume (CIV) = contralateral hemisphere volume − (ipsilat-
eral hemisphere volume − infarct volume).

Data and Statistical Analyses

All quantitative data were analyzed using Prism 9.0.1 soft-
ware (GraphPad). Replicates within experiments and three 
independent experiments were used to ensure reliability of 
the reported values. Data were expressed as mean ± standard 
error of the mean (SEM) from independent experiments. 
Unpaired t-test was used to compare between two groups, 
and one-way and two-way ANOVAs were used to compare 
between three or more groups and calculate the P-value as 
indicated in each figure legend. P-value < 0.05 was consid-
ered statistically significant. For the cell viability data, non-
linear regression analysis with a variable slope model was 
used to fit a curve to dose response and calculate EC50 with 
95% confidence interval.
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