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Abstract: Kaempferol has been shown to protect cells against cerebral ischemia/reperfusion injury
through inhibition of apoptosis. In the present study, we sought to investigate whether ferroptosis is
involved in the oxygen-glucose deprivation/reperfusion (OGD/R)-induced neuronal injury and the
effects of kaempferol on ferroptosis in OGD/R-treated neurons. Western blot, immunofluorescence,
and transmission electron microscopy were used to analyze ferroptosis, whereas cell death was
detected using lactate dehydrogenase (LDH) release. We found that OGD/R attenuated SLC7A11
and glutathione peroxidase 4 (GPX4) levels as well as decreased endogenous antioxidants including
nicotinamide adenine dinucleotide phosphate (NADPH), glutathione (GSH), and superoxide dismu-
tase (SOD) in neurons. Notably, OGD/R enhanced the accumulation of lipid peroxidation, leading to
the induction of ferroptosis in neurons. However, kaempferol activated nuclear factor-E2-related
factor 2 (Nrf2)/SLC7A11/GPX4 signaling, augmented antioxidant capacity, and suppressed the
accumulation of lipid peroxidation in OGD/R-treated neurons. Furthermore, kaempferol signifi-
cantly reversed OGD/R-induced ferroptosis. Nevertheless, inhibition of Nrf2 by ML385 blocked
the protective effects of kaempferol on antioxidant capacity, lipid peroxidation, and ferroptosis in
OGD/R-treated neurons. These results suggest that ferroptosis may be a significant cause of cell
death associated with OGD/R. Kaempferol provides protection from OGD/R-induced ferroptosis
partly by activating Nrf2/SLC7A11/GPX4 signaling pathway.
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1. Introduction

Ischemic stroke is a major cause of mortality and serious disability worldwide, ac-
counting for about 80% of stroke. Ischemic stroke occurs when a blood vessel is blocked,
leading to acute disrupted cerebral blood flow and oxygen delivery to the brain. However,
the underlying mechanisms of brain injury in ischemic stroke remain poorly understood.
More recently, ferroptosis is described as an iron-dependent form of cell death mediated by
excess accumulation of lipid peroxides [1,2]. Glutathione peroxidase 4 (GPX4) is a key regu-
lator of ferroptosis and plays a crucial role in converting lipid hydroperoxides to non-toxic
lipid [3,4]. Besides, glutathione (GSH) acts as an essential cofactor for GPX4. Importantly,
inactivation of GPX4 or depletion of GSH causes the accumulation of lipid hydroperoxides,
eventually leading to the induction of ferroptosis [3,5,6]. Moreover, neuron-specific GPX4
depletion in the forebrain elevates lipid peroxidation, increases ferroptosis, and triggers
neurodegeneration [7]. Additionally, ferroptosis can be induced by disrupting the function
of cystine/glutamate antiporter system xc

- [8]. Inhibition of SLC7A11, the light chain of
system xc

-, attenuates GSH levels and GPX4 activity, resulting in the accumulation of lethal
lipid peroxides and the induction of ferroptosis [2,9]. Nuclear factor-E2-related factor 2
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(Nrf2) is a key transcription factor that controls cellular redox homeostasis and inflamma-
tion. Activation of Nrf2 signaling also protects cells against ferroptosis in many chronic
diseases [10,11]. In addition, Nrf2 acts as a transcription factor increasing the expression of
SLC7A11 and GPX4 [8,10,11]. Accumulating evidence reveals that ferroptosis is involved
in various pathological conditions including neurodegenerative disease, traumatic brain
injury, and stroke [12,13].

Moreover, kaempferol (KF) is a major bioflavonoid found in many fruits, vegetables,
and medicinal plants. Interestingly, kaempferol has neuroprotective, antioxidant, and
anti-cancer properties against many diseases associated with lipid oxidation, including
stroke, Alzheimer’s disease, and cancer [14–16].

In the present study, we show that ferroptosis is involved in oxygen-glucose depri-
vation/reperfusion (OGD/R)-induced cell death and kaempferol protects neurons from
OGD/R-induced cell injury partly by activating Nrf2/SLC7A11/GPX4 signaling path-
way and eventually inhibiting the onset of ferroptosis. Hence, ferroptosis is a significant
cause of cell death associated with ischemia/reperfusion (I/R) injury and kaempferol has
considerable potential for the treatment of ischemia stroke.

2. Materials and Methods
2.1. Chemicals

Kaempferol (KF) was purchased from Sigma (St. Louis, MO, USA). ML385 (Nrf2
inhibitor) was provided by MedChemExpress (Monmouth Junction, NJ, USA). 3-(4,5-
dimethylthiazol-2-yl)-2,5-diph-enyltetrazoliumbromide (MTT) and all materials related to
cell cultures were obtained from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Primary Cortical Neuron Cultures

Primary mouse cortical neurons were prepared from E16 mouse embryos (C57BL/6j
mice) as previously described [17]. In brief, dissected cerebral cortices were enzymatically
digested. Dissociated neurons were grown in neurobasal medium supplemented with 2%
B27 and 2 mM glutamax. Cultures were maintained at 37 ◦C in a humidified incubator
with 5% CO2. The experiments were performed on day in vitro (DIV) 10–12.

2.3. Oxygen Glucose-Deprivation/Reperfusion (OGD/R) and Drug Treatment

Primary neurons were cultured with glucose-free DMEM and placed in a hypoxic
incubator filled with mixed gas containing 1% O2, 5% CO2, and 94% N2 at 37 ◦C for 90 min
to induce OGD injury. Following OGD, the medium was replaced by fresh neurobasal
medium, and neurons were incubated in a 37 ◦C/5% CO2 incubator for a 24 h reperfusion
period. Control neurons were grown in glucose-containing media in a normoxic incubator
for the same time period. Neurons were divided into four groups: control, OGD/R,
OGD/R + KF, and OGD/R + KF + ML385 group. Neurons were untreated or stimulated
with OGD/R, or pretreated with KF (10 µM) or KF (10 µM) plus ML385 (1 µM) for 1 h
and followed by exposure to OGD/R. Kaempferol was dissolved in DMSO. All treatments
were performed using the same concentration of DMSO (0.1%). Besides, the same amount
of DMSO (0.1%) was added to control neurons.

2.4. Measurement of Intracellular Reactive Oxygen Species (ROS) Levels

Intracellular ROS levels were detected using CM-H2DCFDA (Molecular Probes, Eu-
gene, OR, USA). Neurons were stained with 10 µM CM-H2DCFDA in the dark for 30 min
at 37 ◦C and the fluorescence intensity was measured using a microplate reader. Each
experiment was measured in triplicate.

2.5. Lipid ROS Assay

Lipid ROS levels were measured using C11-BODIPY 581/591 (Thermo Fisher Scientific,
Waltham, MA, USA). Neurons were incubated with 2.5 µM C11-BODIPY 581/591 in the
dark for 30 min at 37 ◦C. The fluorescence intensity was then assessed using a microplate
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reader with an excitation wavelength of 485 nm and an emission wavelength of 520 nm [18].
Each experiment was measured in triplicate.

2.6. MTT Assay

Cell viability was tested using MTT assay as previously described [17]. Briefly, the
medium was removed from treated neurons and subsequently replaced with MTT reagent
(0.5 mg/mL). After a 4 h incubation at 37 ◦C, the MTT solution was removed and replaced
with 100 µL dimethyl sulfoxide (DMSO) to dissolve the formazan. The absorbance of the
96-well plate was recorded at 570 nm using a microplate reader. Each experiment was
measured in triplicate.

2.7. CCK-8 Assay

Cellular proliferation was also investigated with the CCK-8 assay (Dojindo, Ku-
mamoto, Japan) according to the manufacturer’s instructions. Each experiment was mea-
sured in triplicate.

2.8. LDH Assay

Lactate dehydrogenase (LDH) release from cells was determined using the lactate
dehydrogenase detection kit (Sigma, St. Louis, MO, USA) according to the manufacturer’s
instructions. Each experiment was measured in triplicate.

2.9. Measurement of GPX4 Activity

Glutathione peroxidase 4 (GPX4) activity was performed as described previously [19].
The GPX4 activity was tested using a buffer with 0.1 M KH2 PO4/K2 HPO4, 5 mM EDTA,
0.1% (v/v) Triton X-100, 5 mM GSH, 160 mM NADPH/H+, and 180 IU/mL glutathione
reductase. 5 µL of 30 mM cumene hydroperoxide was added to initiate the reaction.
NADPH oxidation was then detected at 340 nm for 10 min. Each experiment was measured
in triplicate.

2.10. GSH/GSSG Ratio and NADPH/NADP+ Ratio Measurements

The reduced glutathione (GSH)/oxidized glutathione (GSSG) ratio and the NADPH/
NADP+ ratio were analyzed using GSH/GSSG ratio detection assay kit (Abcam, Cam-
bridge, UK) and NADP/NADPH assay kit (Sigma, St. Louis, MO, USA), following the
manufacturer’s instructions. Each experiment was measured in triplicate.

2.11. Measurements of Lipid Peroxidation and SOD Activity

Levels of malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) were assessed
using the MDA assay kit (Jiancheng Bioengineering Institute, Nanjing, China) and the
4-HNE assay kit (Abcam, Cambridge, UK) according to the manufacturer’s protocols.
Superoxide dismutase (SOD) activity was determined using the SOD assay kit (Jiancheng
Bioengineering Institute, Nanjing, China) following the manufacturer’s protocol.

2.12. Measurement of Intracellular Iron

Intracellular iron concentrations were determined using the iron assay kit (Abcam,
Cambridge, UK) following the manufacturer’s instructions.

2.13. Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.2%
Triton X100. Cells were blocked with 10% goat serum for 30 min and then incubated with
(SLC7A11 or GPX4) primary antibodies at 4 ◦C overnight. After washing in PBS, cells were
incubated with Alexa Fluor 594 secondary antibody (Molecular Probes, Eugene, OR, USA)
at room temperature for 1 h. Nuclei were stained with DAPI (Sigma, St. Louis, MO, USA)
for 10 min. Pictures were subsequently taken on a confocal microscope or a fluorescence
microscope.
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2.14. Western Blots Analysis

After treatment, cells were collected and lysed in 1× RIPA lysis buffer containing
protease inhibitor cocktail. Nuclear and cytoplasmic fractions were isolated using a nu-
clear and cytoplasmic protein extraction kit (Beyotime Biotechnology, Shanghai, China)
according to the manufacturer’s instructions. Samples (20µg per lane) were separated in
SDS-PAGE gels and transferred to a PVDF membrane. The membrane was blocked with
TBST buffer containing 5% nonfat milk for 1 h at room temperature and incubated with
primary antibodies against SLC7A11 (Abcam, Cambridge, UK), GPX4 (Abcam, Cambridge,
UK), Nrf2 (Abcam, Cambridge, UK), 4-HNE (Abcam, Cambridge, UK), β-actin (Abcam,
Cambridge, UK) and Histone-3 (Cell Signaling Technology, Beverly, MA, USA) overnight at
4 ◦C. Secondary antibodies (Santa Cruz, CA, USA) were diluted in 5% nonfat milk in TBST
and then added for 1 h at room temperature. Bands were developed using ECL detection
reagent.

2.15. Transmission Electron Microscopy (TEM)

Neurons were collected and immediately fixed in a solution containing 2% glutaralde-
hyde for 2 h. The samples were then post-fixed with 1% osmium tetroxide. After dehydra-
tion through a graded ethanol series, the cells were embedded in Epon Resin 618. Ultrathin
sections were subsequently stained with uranyl acetate and lead citrate. Images were
collected using a Philips CM120 transmission electron microscope.

2.16. Statistical Analysis

Statistical analyses were performed using Prism 5.0 GraphPad Software. All experi-
mental measurements were repeated at least three times, and the data were presented as
the means ± SEM. The values were analyzed using one-way ANOVA with Bonferroni’s
post hoc test for multiple comparisons. A value of p < 0.05 was considered statistically
significant.

3. Results
3.1. Kaempferol Activates SLC7A11, GPX4, and Nrf2 in OGD/R-Treated Neurons

Kaempferol (Figure 1A) has been demonstrated to protect cells against ischemia
stroke by inhibiting apoptosis, neuroinflammation, and blood-brain barrier (BBB) disrup-
tion [20,21]. However, it remains unclear whether kaempferol suppresses OGD/R-induced
ferroptosis. GPX4 is very important for regulating ferroptosis and SLC7A11 acts as an
upstream mediator of GPX4 [22]. In addition, Nrf2 can inhibit ferroptosis via regulation of
SLC7A11 [10,23]. To determine whether OGD/R-induced injury was associated with fer-
roptosis in neuron, we investigated protein levels of SLC7A11, GPX4, and Nrf2 by Western
blots. As shown in Figure 1B,C, OGD/R obviously decreased SLC7A11 and GPX4 protein
levels, which were rescued by kaempferol (10 µM). The concentration of kaempferol used
in the present study was determined based upon published studies [24,25]. Consistent with
the result of GPX4 expression, reduced GPX4 activity was detected in neurons exposed
to OGD/R (Figure 1D). Besides, OGD/R insult slightly increased nuclear Nrf2 level and
attenuated cytoplasmic Nrf2 level in neurons (Figure 1E,F). However, kaempferol not only
strongly enhanced protein levels of SLC7A11, GPX4, and nuclear Nrf2 but also dramatically
suppressed cytoplasmic Nrf2 level in OGD/R-treated neurons. Importantly, kaempferol
strikingly elevated GPX4 activity in neurons subjected to OGD/R insult. Conversely,
Nrf2 inhibitor ML385 (1 µM) significantly abrogated the effects of kaempferol on protein
levels of SLC7A11, GPX4, and Nrf2 as well as GPX4 activity in OGD/R-treated neurons
(Figure 1B–F). SLC7A11 and GPX4 expression was further assessed by immunofluores-
cence. In line with protein levels of SLC7A11 and GPX4, OGD/R significantly attenuated
expression of SLC7A11 and GPX4, which was rescued by kaempferol (Figure 2A,B). Com-
pared with OGD/R group, expression of SLC7A11 and GPX4 was not changed in OGD/R
+ KF + ML385 group. Additionally, ML385 inhibited beneficial effects of kaempferol on the
expression of SLC7A1 and GPX4 (Figure 2A,B) in OGD/R-treated neurons.
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Figure 1. Effects of kaempferol on GPX4, SLC7A11, and Nrf2 levels in OGD/R-treated neurons.
(A) Chemical structure of kaempferol (KF). (B) Neurons were untreated or stimulated with OGD/R,
or pretreated with KF (10 µM) or KF (10 µM) plus ML385 (1µM) for 1 h prior to treatment with
OGD/R. Then SLC7A11 protein levels were detected by Western blot. β-actin was used as a loading
control. Western blot is representative of three independent experiments. (C) GPX4 protein levels
were detected by Western blot. (D) GPX4 activity was measured. (E) Nuclear Nrf2 protein levels
were detected by Western blot. Histone-3 was used as a loading control for nuclear fractions.
(F) Cytoplasmic Nrf2 protein levels were detected by Western blot. Data were averaged from three
independent experiments.* p < 0.05 versus control; ** p < 0.01 versus control; ## p < 0.01 versus
OGD/R.
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Figure 2. Effects of kaempferol on GPX4 and SLC7A11 expression in OGD/R-treated neurons. (A) Neurons were treated as
indicated in (Figure 1A). Neurons were then immunostained using antibody specific for SLC7A11 (red). Nucleus is stained
with DAPI (blue). Representative confocal images of the indicated neurons from three independent experiments. Scale bar,
15 µm. (B) Neurons were treated as indicated in (Figure 1A). Neurons were then immunostained using antibody specific for
GPX4 (red). Nucleus is stained with DAPI (blue). Images were acquired using a fluorescence microscope. Representative
immunostaining images of the indicated neurons from three independent experiments. Scale bar, 15 µm. * p < 0.05 versus
control; ** p < 0.01 versus control; ## p < 0.01 versus OGD/R.

3.2. Kaempferol Exhibits Antioxidant Effects and Ameliorates OGD/R-Induced Fe2+ Accumulation
in Neurons

GSH, NADPH, and SOD are antioxidant markers. We then detected the effects
of kaempferol on ratios of GSH/GSSG and NADPH/NADP+ as well as SOD activity.
OGD/R insult obviously suppressed GSH/GSSG and NADPH/NADP+ ratios, which were
reversed by kaempferol (Figure 3A,B). However, there were no significant differences in
the ratios of GSH/GSSG and NADPH/NADP+ between OGD/R group and OGD/R + KF
+ ML385 group. Interestingly, OGD/R-treated neurons displayed decreased SOD activity
in comparison to control neurons, whereas kaempferol significantly improved SOD activity
inhibited by OGD/R insult (Figure 3C). Compared with OGD/R + KF group, SOD activity
was reduced in OGD/R + KF + ML385 group. These results suggested that ML385 reverses
the favorable effects of kaempferol on oxidative stress in OGD/R-treated neurons. Given
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that ferroptosis is an iron-dependent form of cell death, we also detected intracellular iron
levels in neurons. As expected, OGD/R significantly increased Fe2+ levels (Figure 3D),
which were abolished by kaempferol. Nevertheless, ML385 plus kaempferol pretreatment
failed to attenuate OGD/R-induced Fe2+ accumulation.
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3.3. Kaempferol Inhibits OGD/R-Induced Lipid Peroxidation in Neurons

It has been shown that lipid ROS accumulation is a hallmark of ferroptosis [26,27].
Therefore, we investigated the effects of kaempferol on intracellular and lipid ROS accu-
mulation in OGD/R-treated neurons. OGD/R induced the accumulation of intracellular
and lipid ROS, whereas kaempferol remarkably inhibited intracellular and lipid ROS ac-
cumulation triggered by OGD/R insult (Figure 4A,B). However, ML385 abrogated the
beneficial effects of kaempferol on intracellular and lipid ROS accumulation. 4-HNE is
the end product of lipid peroxidation that can readily modify proteins [28–30]. 4-HNE
has been identified as a key second messenger involved in the regulation of cell prolif-
eration, ferroptosis, and apoptosis. Although less is known about protein adducts with
4-HNE, increased levels of 4-HNE protein adducts are associated with enhanced oxida-
tive damage [28–30]. As expected, 4-HNE-modified protein expression (4-HNE protein
adducts) was increased in response to OGD/R insult, which was significantly abolished by
kaempferol pretreatment (Figure 4C). Conversely, there was no significant difference in the
4-HNE-modified protein expression between OGD/R group and OGD/R + KF + ML385
group. As shown in Figure 4D, kaempferol obviously suppressed OGD-triggered 4-HNE
activity, whereas no significant difference in 4-HNE activity was detected between OGD/R
group and OGD/R + KF + ML385 group. Notably, ML385 enhanced 4-HNE-modified pro-
tein expression and activity inhibited by kaempferol. MDA, a marker of lipid peroxidation,
was also measured [31]. Similarly, kaempferol pretreatment significantly inhibited MDA
levels augmented by OGD/R insult, whereas kaempferol plus ML385 failed to suppress
MDA levels in OGD/R-treated neurons (Figure 4E). These results confirmed that activation
of Nrf2 by kaempferol attenuated OGD/R-induced lipid peroxidation in neurons.
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Figure 4. Effects of kaempferol on ROS, 4-HNE, and MDA levels in OGD/R-treated neurons.
Neurons were treated as indicated in (Figure 1A). (A) Intracellular ROS production was measured
with DCFH-DA. (B) Lipid ROS level was assessed by BODIPY-C11 staining. (C) 4-HNE-modified
protein levels were detected by Western blot. (D) Levels of 4-HNE were tested by ELISA. Three
independent experiments were performed with similar results. (E) Levels of MDA were investigated
by ELISA. ** p < 0.01 versus control; ## p < 0.01 versus OGD/R.

3.4. Kaempferol Attenuates OGD/R-Induced Ferroptosis in Neurons

Next, we observed the morphological changes of mitochondria under transmission
electron microscopy. OGD/R-treated neurons displayed fragmented mitochondria with
decreased cristae and increased mitochondrial membrane density, which confirmed that
OGD/R induces ferroptosis [32,33] (Figure 5). However, kaempferol obviously inhibited
morphological changes of mitochondria in response to OGD/R. Mitochondria in neurons
treated with OGD/R plus kaempferol appeared intact mitochondrial cristae. Conversely,
ML385 reversed the favorable effects of kaempferol on morphological changes of mitochon-
dria in OGD/R-treated neurons (Figure 5).
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3.5. Kaempferol Protects Neurons against OGD/R-Induced Cell Death

In order to clarify the protective effects of kaempferol on OGD/R-induced neuronal
injury, we evaluated cell morphology, cell viability, and cell death in neurons exposed
to OGD/R. Kaempferol rescued aberrant cell morphology of OGD/R-treated neurons,
whereas kaempferol plus ML385 did not reverse abnormal cell morphology in neurons
subjected to OGD/R insult (Figure 6A). Furthermore, results of MTT, CCK-8, and LDH
showed that OGD/R attenuated cell viability and increased cell death, which were sig-
nificantly inhibited by the addition of kaempferol (Figure 6B–D). On the contrary, ML385
plus kaempferol pretreatment failed to promote cell survival in OGD/R-treated neurons.
Compared with OGD/R + KF group, decreased cell viability and increased cell death
were detected in OGD/R + KF + ML385 group. These results confirmed that kaempferol
exerts protective effects on OGD/R-induced neuronal injury, which is blocked by Nrf2
inhibitor ML385. Model illustrating the mechanism by which kaempferol suppresses
OGD/R-induced ferroptosis in neurons (Figure 7).
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Figure 6. Effects of kaempferol on cell viability and cell death in OGD/R-treated neurons. Neurons
were treated as indicated in (Figure 1A). (A) Phase contrast imaging of live neurons. Scale bar, 50 µm.
(B–D) Cell viability and cell death were measured by MTT assay (B), CCK-8 (C), and LDH (D),
respectively. Three independent experiments were performed with similar results. ** p < 0.01 versus
control; ## p < 0.01 versus OGD/R.
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4. Discussion

Kaempferol is widely distributed in many fruits and vegetables. It is thought to exert
anti-inflammatory, antioxidant, and anti-cancer effects in in-vitro studies [15,34]. Moreover,
it exhibits neuroprotective benefits in animal studies [20,21]. Recent studies demonstrate
that kaempferol protects cells from apoptosis associated with ischemia stroke [16,20,21].
Indeed, ferroptosis is also involved in the pathogenesis of stroke. However, little is known
about whether kaempferol inhibits OGD/R-induced ferroptosis.

Ferroptosis is a regulated form of cell death characterized by iron-dependent accu-
mulation of lipid peroxidation. GPX4, an antioxidant defense enzyme, is a key regulator
of ferroptosis in multiple cell types. GXP4 ablation induces ferroptosis and triggers neu-
rodegeneration in forebrain neurons [7]. Inhibition of GPX4 promotes ferroptosis in cancer
cells [35,36]. GPX4 and its co-factor GSH are important for eliminating lipid peroxidation.
It is well-established that GPX4 can reduce hydroperoxides at the expense of GSH [37].
In addition, the cystine/glutamate antiporter SLC7A11 is the major source of cysteine
for GSH synthesis [9,26]. Besides, Nrf2 is a critical antioxidant transcription factor that
regulates the expression of SLC7A11 and GPX4 [8,10,11]. Therefore, we observed the effects
of kaempferol on protein levels of SLC7A11, GPX4, and Nrf2 in an in vitro stroke model of
OGD/R. In vitro stroke model has many advantages in the ability to control experimental
conditions and choose a specific region of the brain. As expected, OGD/R significantly
decreased protein levels of SLC7A11 and GPX4, whereas it slightly increased nuclear
Nrf2 level and attenuated cytoplasmic Nrf2 level in OGD/R-treated neurons. Increase
nuclear translocation of Nrf2 after OGD/R insult may be an endogenous self-protective
response. Importantly, protein levels of SLC7A11 and GPX4 were strikingly enhanced by
kaempferol in OGD/R-treated neurons. Besides, kaempferol obviously increased nuclear
Nrf2 level and suppressed cytoplasmic Nrf2 level in OGD/R-treated neurons, confirm-
ing that kaempferol triggers Nrf2 nuclear translocation. However, Nrf2 inhibitor ML385
abolished the protective effects of kaempferol on protein levels of SLC7A11, GPX4, and
Nrf2 in OGD/R-treated neurons. These findings demonstrated that kaempferol activates
Nrf2 and its subsequent downstream signaling cascades involving SLC7A11 and GPX4.
Notably, decreased GPX4 activity was reversed by kaempferol in OGD/R-treated neu-
rons. Nevertheless, ML385 abrogated the beneficial effect of kaempferol on GPX4 activity,
supporting that Nrf2 acts as an upstream mediator of GPX4 in OGD/R-treated neurons.
Besides, expression of SLC7A11 and GPX4 was also assessed by immunofluorescence.
Kaempferol significantly rescued expression of SLC7A11 and GPX4 inhibited by OGD/R.
Conversely, ML385 plus kaempferol failed to alter expression of SLC7A11 and GPX4 in
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neurons subjected to OGD/R. Taken together, these results supported that kaempferol
activates Nrf2/SLC7A11/GPX4 signaling in OGD/R-treated neurons [16].

NADPH is critical for the conversion of oxidized glutathione (GSSG) to reduced
glutathione (GSH) [38]. The reduced form of NADPH and GSH, as well as SOD are
the most important endogenous antioxidants [38–42]. Exposure of OGD/R markedly
decreased cellular NADPH/NADP+ and GSH/GSSG ratios, as well as SOD activity in
neurons, indicating that OGD/R insult impairs antioxidant capacity. However, kaempferol
not only elevated ratios of GSH/GSSG and NADPH/NADP+ but also enhanced SOD
activity in OGD/R-treated neurons, confirming that kaempferol exhibits antioxidant effects.
In contrast, ML385 reversed the antioxidant effects of kaempferol in neurons exposed
to OGD/R, suggesting that activation of Nrf2 by kaempferol prevents OGD/R-induced
oxidative stress. Moreover, OGD/R significantly increased Fe2+ level, which was abolished
by kaempferol, whereas ML385 plus kaempferol did not reduce Fe2+ level in OGD/R-
treated neurons, indicating that activation of Nrf2 by kaempferol might suppress OGD/R-
induced ferroptosis.

Kaempferol has been shown to protect cells against death associated with cerebral
ischemia/reperfusion injury [16,20,21]. Hence, we measured whether anti-ferroptosis
is involved in the protective effects of kaempferol on OGD/R-induced cell death. The
accumulation of lipid ROS is an important indicator of ferroptosis. We found that OGD/R
significantly augmented intracellular and lipid ROS in neurons, confirming that OGD/R
induces the occurrence of ferroptosis. Moreover, OGD/R-induced intracellular and lipid
ROS accumulation was attenuated by kaempferol. However, suppression of Nrf2 by ML385
reversed the inhibitory effects of kaempferol on intracellular and lipid ROS accumulation.
Besides, OGD/R enhanced 4-HNE and MDA activities in neurons, which were reduced by
kaempferol. Conversely, ML385 plus kaempferol had no effect on 4-HNE and MDA activi-
ties in OGD/R-treated neurons. These results showed that Nrf2/SLC7A11/GPX4 signaling
pathway is involved in the accumulation of lipid peroxidation and the induction of ferropto-
sis in neurons exposed to OGD/R insult. Nevertheless, activation of Nrf2/SLC7A11/GPX4
signaling by kaempferol attenuates ferroptosis in OGD/R-treated neurons.

Additionally, transmission electron microscopy analysis showed that OGD/R pro-
moted ferroptosis in neurons. Mitochondria in OGD/R-treated neurons appeared reduced
cristae and increased mitochondrial membrane density, whereas kaempferol could signif-
icantly improve the abnormal morphology of mitochondria in OGD/R-treated neurons.
Nevertheless, ML385 blocked the protective effects of kaempferol on OGD/R-induced
ferroptosis. We subsequently investigated the effect of kaempferol on OGD/R-induced cell
death. OGD/R-treated neurons displayed aberrant cell morphology, which was rescued by
kaempferol. However, kaempferol plus ML385 did not alter abnormal cell morphology
of OGD/R-treated neurons. We further found that OGD/R decreased cell viability and
increased cell death in neurons. Conversely, kaempferol enhanced cell viability as well as
ameliorated cell death in OGD/R-treated neurons, suggesting that kaempferol protects
neurons from OGD/R-induced cell death. Nevertheless, OGD/R-induced cell death can-
not be inhibited by ML385 plus kaempferol, indicating that pharmacological inhibition of
Nrf2 abolishes the favorable effects of kaempferol. These results indicated that ferroptosis
contributes to neuronal injury related to OGD/R.

5. Conclusions

In summary, ferroptosis may play a prominent role in cell death associated with is-
chemia/reperfusion injury. OGD/R inhibits SLC7A11 and GPX4, resulting in the induction
of ferroptosis in neurons. Kaempferol provides protection from OGD/R-induced ferrop-
tosis, at least in part, by activating Nrf2/SLC7A11/GPX4 signaling pathway. Therefore,
pharmacological inhibition of ferroptosis may be an attractive therapeutic target for the
treatment of ischemic stroke.



Biomolecules 2021, 11, 923 12 of 14

Author Contributions: Conceptualization, Y.Y. and Y.Z.; methodology, Y.Y. and Y.Z.; validation,
Y.Y., Y.Z., J.C., X.X., and H.W.; formal analysis, Y.Y. and Y.Z.; investigation, Y.Y., Y.Z., J.C., X.X., and
H.W.; resources, H.W.; writing—original-draft preparation, Y.Y.; writing—review and editing, H.W.;
visualization, Y.Y. and Y.Z.; supervision, H.W.; project administration, H.W.; funding acquisition, X.X.
and H.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the National Natural Science Foundation of
China (81870952 and 82001467).

Institutional Review Board Statement: The study was approved by the Ethics Committee of Shang-
hai Jiao Tong University Affiliated Sixth People’s Hospital (Ethic number: 2018-0049, Approval date:
25 February 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: We would like to thank all the participants and co-workers who involved in this
study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bersuker, K.; Hendricks, J.M.; Li, Z.; Magtanong, L.; Ford, B.; Tang, P.H.; Roberts, M.A.; Tong, B.; Maimone, T.J.; Zoncu, R.; et al.

The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature 2019, 575, 688–692. [CrossRef] [PubMed]
2. Stockwell, B.R.; Friedmann Angeli, J.P.; Bayir, H.; Bush, A.I.; Conrad, M.; Dixon, S.J.; Fulda, S.; Gascon, S.; Hatzios, S.K.; Kagan,

V.E.; et al. Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell 2017, 171, 273–285.
[CrossRef] [PubMed]

3. Yang, W.S.; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, J.H.; Clemons, P.A.; Shamji, A.F.;
Clish, C.B.; et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 2014, 156, 317–331. [CrossRef] [PubMed]

4. Ingold, I.; Berndt, C.; Schmitt, S.; Doll, S.; Poschmann, G.; Buday, K.; Roveri, A.; Peng, X.; Porto Freitas, F.; Seibt, T.; et al. Selenium
Utilization by GPX4 Is Required to Prevent Hydroperoxide-Induced Ferroptosis. Cell 2018, 172, 409–422. [CrossRef]

5. Gaschler, M.M.; Andia, A.A.; Liu, H.; Csuka, J.M.; Hurlocker, B.; Vaiana, C.A.; Heindel, D.W.; Zuckerman, D.S.; Bos, P.H.; Reznik,
E.; et al. FINO2 initiates ferroptosis through GPX4 inactivation and iron oxidation. Nat. Chem. Biol. 2018, 14, 507–515. [CrossRef]

6. Homma, T.; Kobayashi, S.; Fujii, J. Cysteine preservation confers resistance to glutathione-depleted cells against ferroptosis via
CDGSH iron sulphur domain-containing proteins (CISDs). Free Radic. Res. 2020, 54, 397–407. [CrossRef] [PubMed]

7. Hambright, W.S.; Fonseca, R.S.; Chen, L.; Na, R.; Ran, Q. Ablation of ferroptosis regulator glutathione peroxidase 4 in forebrain
neurons promotes cognitive impairment and neurodegeneration. Redox Biol. 2017, 12, 8–17. [CrossRef]

8. Ananth, S.; Miyauchi, S.; Thangaraju, M.; Jadeja, R.N.; Bartoli, M.; Ganapathy, V.; Martin, P.M. Selenomethionine (Se-Met)
Induces the Cystine/Glutamate Exchanger SLC7A11 in Cultured Human Retinal Pigment Epithelial (RPE) Cells: Implications for
Antioxidant Therapy in Aging Retina. Antioxidants 2020, 10, 9. [CrossRef]

9. Koppula, P.; Zhang, Y.; Zhuang, L.; Gan, B. Amino acid transporter SLC7A11/xCT at the crossroads of regulating redox
homeostasis and nutrient dependency of cancer. Cancer Commun. 2018, 38, 12. [CrossRef]

10. Dodson, M.; Castro-Portuguez, R.; Zhang, D.D. NRF2 plays a critical role in mitigating lipid peroxidation and ferroptosis. Redox
Biol. 2019, 23, 101107. [CrossRef]

11. Ma, H.; Wang, X.; Zhang, W.; Li, H.; Zhao, W.; Sun, J.; Yang, M. Melatonin Suppresses Ferroptosis Induced by High Glucose via
Activation of the Nrf2/HO-1 Signaling Pathway in Type 2 Diabetic Osteoporosis. Oxid. Med. Cell. Longev. 2020, 2020, 9067610.
[CrossRef]

12. Yuan, H.; Pratte, J.; Giardina, C. Ferroptosis and its potential as a therapeutic target. Biochem. Pharmacol. 2021, 186, 114486.
[CrossRef] [PubMed]

13. Jin, Y.; Zhuang, Y.; Liu, M.; Che, J.; Dong, X. Inhibiting ferroptosis: A novel approach for stroke therapeutics. Drug Discov. Today
2021, S1359-6446, 30538–30539.

14. Holland, T.M.; Agarwal, P.; Wang, Y.; Leurgans, S.E.; Bennett, D.A.; Booth, S.L.; Morris, M.C. Dietary flavonols and risk of
Alzheimer dementia. Neurology 2020, 94, e1749–e1756. [CrossRef] [PubMed]

15. Rha, C.S.; Jeong, H.W.; Park, S.; Lee, S.; Jung, Y.S.; Kim, D.O. Antioxidative, Anti-Inflammatory, and Anticancer Effects of Purified
Flavonol Glycosides and Aglycones in Green Tea. Antioxidants 2019, 8, 278. [CrossRef] [PubMed]

16. Wang, J.; Mao, J.; Wang, R.; Li, S.; Wu, B.; Yuan, Y. Kaempferol Protects Against Cerebral Ischemia Reperfusion Injury Through
Intervening Oxidative and Inflammatory Stress Induced Apoptosis. Front. Pharmacol. 2020, 11, 424. [CrossRef] [PubMed]

17. Wang, H.M.; Zhang, T.; Huang, J.K.; Xiang, J.Y.; Chen, J.J.; Fu, J.L.; Zhao, Y.W. Edaravone Attenuates the Proinflammatory
Response in Amyloid-beta-Treated Microglia by Inhibiting NLRP3 Inflammasome-Mediated IL-1beta Secretion. Cell. Physiol.
Biochem. 2017, 43, 1113–1125. [CrossRef]

http://doi.org/10.1038/s41586-019-1705-2
http://www.ncbi.nlm.nih.gov/pubmed/31634900
http://doi.org/10.1016/j.cell.2017.09.021
http://www.ncbi.nlm.nih.gov/pubmed/28985560
http://doi.org/10.1016/j.cell.2013.12.010
http://www.ncbi.nlm.nih.gov/pubmed/24439385
http://doi.org/10.1016/j.cell.2017.11.048
http://doi.org/10.1038/s41589-018-0031-6
http://doi.org/10.1080/10715762.2020.1780229
http://www.ncbi.nlm.nih.gov/pubmed/32605459
http://doi.org/10.1016/j.redox.2017.01.021
http://doi.org/10.3390/antiox10010009
http://doi.org/10.1186/s40880-018-0288-x
http://doi.org/10.1016/j.redox.2019.101107
http://doi.org/10.1155/2020/9067610
http://doi.org/10.1016/j.bcp.2021.114486
http://www.ncbi.nlm.nih.gov/pubmed/33631189
http://doi.org/10.1212/WNL.0000000000008981
http://www.ncbi.nlm.nih.gov/pubmed/31996451
http://doi.org/10.3390/antiox8080278
http://www.ncbi.nlm.nih.gov/pubmed/31387266
http://doi.org/10.3389/fphar.2020.00424
http://www.ncbi.nlm.nih.gov/pubmed/32351385
http://doi.org/10.1159/000481753


Biomolecules 2021, 11, 923 13 of 14

18. Hill, S.; Lamberson, C.R.; Xu, L.; To, R.; Tsui, H.S.; Shmanai, V.V.; Bekish, A.V.; Awad, A.M.; Marbois, B.N.; Cantor, C.R.; et al.
Small amounts of isotope-reinforced polyunsaturated fatty acids suppress lipid autoxidation. Free Radic. Biol. Med. 2012, 53,
893–906. [CrossRef]

19. Deng, F.; Sharma, I.; Dai, Y.; Yang, M.; Kanwar, Y.S. Myo-inositol oxygenase expression profile modulates pathogenic ferroptosis
in the renal proximal tubule. J. Clin. Invest. 2019, 129, 5033–5049. [CrossRef]

20. Wang, S.; Xu, H.; Xin, Y.; Li, M.; Fu, W.; Wang, Y.; Lu, Z.; Yu, X.; Sui, D. Neuroprotective effects of Kaempferide-7-O-(4”-O-
acetylrhamnosyl)-3-O-rutinoside on cerebral ischemia-reperfusion injury in rats. Eur. J. Pharmacol. 2016, 788, 335–342. [CrossRef]

21. Li, W.H.; Cheng, X.; Yang, Y.L.; Liu, M.; Zhang, S.S.; Wang, Y.H.; Du, G.H. Kaempferol attenuates neuroinflammation and blood
brain barrier dysfunction to improve neurological deficits in cerebral ischemia/reperfusion rats. Brain Res. 2019, 1722, 146361.
[CrossRef]

22. Zhang, Y.; Swanda, R.V.; Nie, L.; Liu, X.; Wang, C.; Lee, H.; Lei, G.; Mao, C.; Koppula, P.; Cheng, W.; et al. mTORC1 couples
cyst(e)ine availability with GPX4 protein synthesis and ferroptosis regulation. Nat. Commun. 2021, 12, 1589. [CrossRef]

23. Xie, L.W.; Cai, S.; Zhao, T.S.; Li, M.; Tian, Y. Green tea derivative (-)-epigallocatechin-3-gallate (EGCG) confers protection against
ionizing radiation-induced intestinal epithelial cell death both in vitro and in vivo. Free Radic. Biol. Med. 2020, 161, 175–186.
[CrossRef] [PubMed]

24. Zeka, K.; Marrazzo, P.; Micucci, M.; Ruparelia, K.C.; Arroo, R.R.J.; Macchiarelli, G.; Annarita Nottola, S.; Continenza, M.A.;
Chiarini, A.; Angeloni, C.; et al. Activity of Antioxidants from Crocus sativus L. Petals: Potential Preventive Effects towards
Cardiovascular System. Antioxidants 2020, 9, 1102. [CrossRef]

25. Shabbir, W.; Yang, K.S.; Sadek, B.; Oz, M. Apigenin and Structurally Related Flavonoids Allosterically Potentiate the Function of
Human alpha7-Nicotinic Acetylcholine Receptors Expressed in SH-EP1 Cells. Cells 2021, 10, 1110. [CrossRef] [PubMed]

26. Lee, H.; Zandkarimi, F.; Zhang, Y.; Meena, J.K.; Kim, J.; Zhuang, L.; Tyagi, S.; Ma, L.; Westbrook, T.F.; Steinberg, G.R.; et al.
Energy-stress-mediated AMPK activation inhibits ferroptosis. Nat. Cell Biol. 2020, 22, 225–234. [CrossRef]

27. Perez, M.A.; Magtanong, L.; Dixon, S.J.; Watts, J.L. Dietary Lipids Induce Ferroptosis in Caenorhabditiselegans and Human
Cancer Cells. Dev. Cell 2020, 54, 447–454. [CrossRef] [PubMed]

28. Poli, G.; Schaur, R.J.; Siems, W.G.; Leonarduzzi, G. 4-hydroxynonenal: A membrane lipid oxidation product of medicinal interest.
Med. Res. Rev. 2008, 28, 569–631. [CrossRef]

29. Kim, S.H.; Yum, H.W.; Kim, S.J.; Kim, K.; Kim, C.; Suh, Y.G.; Surh, Y.J. Topically Applied Taurine Chloramine Protects against
UVB-Induced Oxidative Stress and Inflammation in Mouse Skin. Antioxidants 2021, 10, 867. [CrossRef]

30. Salman, M.; Tabassum, H.; Parvez, S. Tannic Acid Provides Neuroprotective Effects against Traumatic Brain Injury Through the
PGC-1alpha/Nrf2/HO-1 Pathway. Mol. Neurobiol. 2020, 57, 2870–2885. [CrossRef]

31. Feng, H.; Schorpp, K.; Jin, J.; Yozwiak, C.E.; Hoffstrom, B.G.; Decker, A.M.; Rajbhandari, P.; Stokes, M.E.; Bender, H.G.; Csuka,
J.M.; et al. Transferrin Receptor Is a Specific Ferroptosis Marker. Cell Rep. 2020, 30, 3411–3423. [CrossRef]

32. Huang, S.; Cao, B.; Zhang, J.; Feng, Y.; Wang, L.; Chen, X.; Su, H.; Liao, S.; Liu, J.; Yan, J.; et al. Induction of ferroptosis in human
nasopharyngeal cancer cells by cucurbitacin B: Molecular mechanism and therapeutic potential. Cell Death Dis. 2021, 12, 237.
[CrossRef]

33. Lu, S.; Song, Y.; Luo, R.; Li, S.; Li, G.; Wang, K.; Liao, Z.; Wang, B.; Ke, W.; Xiang, Q.; et al. Ferroportin-Dependent Iron
Homeostasis Protects against Oxidative Stress-Induced Nucleus Pulposus Cell Ferroptosis and Ameliorates Intervertebral Disc
Degeneration In Vivo. Oxid. Med. Cell. Longev. 2021, 2021, 6670497. [CrossRef] [PubMed]

34. Park, S.E.; Sapkota, K.; Kim, S.; Kim, H.; Kim, S.J. Kaempferol acts through mitogen-activated protein kinases and protein kinase
B/AKT to elicit protection in a model of neuroinflammation in BV2 microglial cells. Br. J. Pharmacol. 2011, 164, 1008–1025.
[CrossRef] [PubMed]

35. Zou, Y.; Palte, M.J.; Deik, A.A.; Li, H.; Eaton, J.K.; Wang, W.; Tseng, Y.Y.; Deasy, R.; Kost-Alimova, M.; Dancik, V.; et al. A
GPX4-dependent cancer cell state underlies the clear-cell morphology and confers sensitivity to ferroptosis. Nat. Commun. 2019,
10, 1617. [CrossRef] [PubMed]

36. Takahashi, N.; Cho, P.; Selfors, L.M.; Kuiken, H.J.; Kaul, R.; Fujiwara, T.; Harris, I.S.; Zhang, T.; Gygi, S.P.; Brugge, J.S. 3D Culture
Models with CRISPR Screens Reveal Hyperactive NRF2 as a Prerequisite for Spheroid Formation via Regulation of Proliferation
and Ferroptosis. Mol. Cell 2020, 80, 828–844. [CrossRef] [PubMed]

37. Angeli, J.P.F.; Schneider, M.; Proneth, B.; Tyurina, Y.Y.; Tyurin, V.A.; Hammond, V.J.; Herbach, N.; Aichler, M.; Walch, A.;
Eggenhofer, E.; et al. Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure in mice. Nat. Cell Biol. 2014, 16,
1180–1191. [CrossRef] [PubMed]

38. Byrne, F.L.; Olzomer, E.M.; Marriott, G.R.; Quek, L.E.; Katen, A.; Su, J.; Nelson, M.E.; Hart-Smith, G.; Larance, M.; Sebesfi, V.F.;
et al. Phenotypic screen for oxygen consumption rate identifies an anti-cancer naphthoquinone that induces mitochondrial
oxidative stress. Redox Biol. 2020, 28, 101374. [CrossRef] [PubMed]

39. Watson, W.H.; Ritzenthaler, J.D.; Peyrani, P.; Wiemken, T.L.; Furmanek, S.; Reyes Vega, A.M.; Burke, T.J.; Zheng, Y.; Ramirez, J.A.;
Roman, J. Plasma cysteine/cystine and glutathione/glutathione disulfide redox potentials in HIV and COPD patients. Free Radic.
Biol. Med. 2019, 143, 55–61. [CrossRef]

40. Chen, L.; Zhang, Z.; Hoshino, A.; Zheng, H.D.; Morley, M.; Arany, Z.; Rabinowitz, J.D. NADPH production by the oxidative
pentose-phosphate pathway supports folate metabolism. Nat. Metab. 2019, 1, 404–415. [CrossRef]

http://doi.org/10.1016/j.freeradbiomed.2012.06.004
http://doi.org/10.1172/JCI129903
http://doi.org/10.1016/j.ejphar.2016.08.007
http://doi.org/10.1016/j.brainres.2019.146361
http://doi.org/10.1038/s41467-021-21841-w
http://doi.org/10.1016/j.freeradbiomed.2020.10.012
http://www.ncbi.nlm.nih.gov/pubmed/33069855
http://doi.org/10.3390/antiox9111102
http://doi.org/10.3390/cells10051110
http://www.ncbi.nlm.nih.gov/pubmed/34062982
http://doi.org/10.1038/s41556-020-0461-8
http://doi.org/10.1016/j.devcel.2020.06.019
http://www.ncbi.nlm.nih.gov/pubmed/32652074
http://doi.org/10.1002/med.20117
http://doi.org/10.3390/antiox10060867
http://doi.org/10.1007/s12035-020-01924-3
http://doi.org/10.1016/j.celrep.2020.02.049
http://doi.org/10.1038/s41419-021-03516-y
http://doi.org/10.1155/2021/6670497
http://www.ncbi.nlm.nih.gov/pubmed/33628376
http://doi.org/10.1111/j.1476-5381.2011.01389.x
http://www.ncbi.nlm.nih.gov/pubmed/21449918
http://doi.org/10.1038/s41467-019-09277-9
http://www.ncbi.nlm.nih.gov/pubmed/30962421
http://doi.org/10.1016/j.molcel.2020.10.010
http://www.ncbi.nlm.nih.gov/pubmed/33128871
http://doi.org/10.1038/ncb3064
http://www.ncbi.nlm.nih.gov/pubmed/25402683
http://doi.org/10.1016/j.redox.2019.101374
http://www.ncbi.nlm.nih.gov/pubmed/31743887
http://doi.org/10.1016/j.freeradbiomed.2019.07.031
http://doi.org/10.1038/s42255-019-0043-x


Biomolecules 2021, 11, 923 14 of 14

41. Leung, J.H.; Schurig-Briccio, L.A.; Yamaguchi, M.; Moeller, A.; Speir, J.A.; Gennis, R.B.; Stout, C.D. Structural biology. Division of
labor in transhydrogenase by alternating proton translocation and hydride transfer. Science 2015, 347, 178–181. [CrossRef]

42. Nobari, H.; Nejad, H.A.; Kargarfard, M.; Mohseni, S.; Suzuki, K.; Carmelo Adsuar, J.; Perez-Gomez, J. The Effect of Acute Intense
Exercise on Activity of Antioxidant Enzymes in Smokers and Non-Smokers. Biomolecules 2021, 11, 171. [CrossRef] [PubMed]

http://doi.org/10.1126/science.1260451
http://doi.org/10.3390/biom11020171
http://www.ncbi.nlm.nih.gov/pubmed/33513978

	Introduction 
	Materials and Methods 
	Chemicals 
	Primary Cortical Neuron Cultures 
	Oxygen Glucose-Deprivation/Reperfusion (OGD/R) and Drug Treatment 
	Measurement of Intracellular Reactive Oxygen Species (ROS) Levels 
	Lipid ROS Assay 
	MTT Assay 
	CCK-8 Assay 
	LDH Assay 
	Measurement of GPX4 Activity 
	GSH/GSSG Ratio and NADPH/NADP+ Ratio Measurements 
	Measurements of Lipid Peroxidation and SOD Activity 
	Measurement of Intracellular Iron 
	Immunofluorescence 
	Western Blots Analysis 
	Transmission Electron Microscopy (TEM) 
	Statistical Analysis 

	Results 
	Kaempferol Activates SLC7A11, GPX4, and Nrf2 in OGD/R-Treated Neurons 
	Kaempferol Exhibits Antioxidant Effects and Ameliorates OGD/R-Induced Fe2+ Accumulation in Neurons 
	Kaempferol Inhibits OGD/R-Induced Lipid Peroxidation in Neurons 
	Kaempferol Attenuates OGD/R-Induced Ferroptosis in Neurons 
	Kaempferol Protects Neurons against OGD/R-Induced Cell Death 

	Discussion 
	Conclusions 
	References

