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Withaferin A inhibits ferroptosis and protects against 
intracerebral hemorrhage

Abstract  
Recent studies have indicated that suppressing oxidative stress and ferroptosis can considerably improve the prognosis of intracerebral hemorrhage (ICH). 
Withaferin A (WFA), a natural compound, exhibits a positive effect on a number of neurological diseases. However, the effects of WFA on oxidative stress and 
ferroptosis-mediated signaling pathways to ICH remain unknown. In this study, we investigated the neuroprotective effects and underlying mechanism for WFA 
in the regulation of ICH-induced oxidative stress and ferroptosis. We established a mouse model of ICH by injection of autologous tail artery blood into the 
caudate nucleus and an in vitro cell model of hemin-induced ICH. WFA was injected intracerebroventricularly at 0.1, 1 or 5 μg/kg once daily for 7 days, starting 
immediately after ICH operation. WFA markedly reduced brain tissue injury and iron deposition and improved neurological function in a dose-dependent 
manner 7 days after cerebral hemorrhage. Through in vitro experiments, cell viability test showed that WFA protected SH-SY5Y neuronal cells against hemin-
induced cell injury. Enzyme-linked immunosorbent assays in vitro and in vivo showed that WFA markedly decreased the level of malondialdehyde, an oxidative 
stress marker, and increased the activities of anti-oxidative stress markers superoxide dismutase and glutathione peroxidase after ICH. Western blot assay, 
quantitative polymerase chain reaction and immunofluorescence results demonstrated that WFA activated the nuclear factor E2-related factor 2 (Nrf2)/
heme oxygenase-1 (HO-1) signaling axis, promoted translocation of Nrf2 from the cytoplasm to nucleus, and increased HO-1 expression. Silencing Nrf2 with 
siRNA completely reversed HO-1 expression, oxidative stress and protective effects of WFA. Furthermore, WFA reduced hemin-induced ferroptosis. However, 
after treatment with an HO-1 inhibitor, the neuroprotective effects of WFA against hemin-induced ferroptosis were weakened. MTT test results showed that 
WFA combined with ferrostatin-1 reduced hemin-induced SH-SY5Y neuronal cell injury. Our findings reveal that WFA treatment alleviated ICH injury-induced 
ferroptosis and oxidative stress through activating the Nrf2/HO-1 pathway, which may highlight a potential role of WFA for the treatment of ICH. 
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Introduction 
Intracerebral hemorrhage (ICH) is a subtype of stroke with high mortality 
and morbidity (Yang et al., 2016; Sorensen, 2019; Feigin et al., 2020; 
Collaborators, 2021). Primary injury directly caused by the hemorrhage 
together with secondary injury resulting from blood cytotoxicity, excitotoxicity, 
oxidative damage, and inflammation leads to severe disability or death (Xue 
and Yong, 2020). Therefore, ICH represents a serious issue to human health. 
Oxidative damage, which is caused by an imbalance between the production 
of reactive oxygen species (ROS) and efficient elimination of ROS by recovery 
enzymes, plays a pivotal role in the poor prognosis of ICH (Xie et al., 2020). 
Heme oxygenase-1 (HO-1), a limiting enzyme for heme catabolism and iron 
production, is induced by several stress factors such as oxidative stress and 
hypoxia (Chau, 2015; Chen et al., 2019b). HO-1 expression in the brain is 

either absent or extremely low under physiologically normal circumstances. In 
contrast, HO-1 expression greatly increases throughout ICH, and suppression 
of HO-1 in ICH has a remarkable therapeutic benefit (Wang and Dore, 2007; 
Zhang et al., 2017). HO-1 may thus be a potential therapeutic target for ICH.

Our previous study revealed that withaferin A (WFA), a bio-active steroid 
lactone derived from Withania somnifera (L.) Dunal (Solanaceae), inhibited 
the apoptosis of endothelial cells and modulated microglial activation after 
traumatic brain injury (Zhou et al., 2020). A recent report demonstrated 
that WFA exhibits a protective role in Parkinson’s disease via regulating the 
DJ1-Nrf2-STING axis (Zhao et al., 2021). In addition, WFA treatment results 
in strong upregulation of the expression of HO-1 both in endothelial and 
microglial cells (Heyninck et al., 2016). However, the role of WFA in ICH 
remains unclear.
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Graphical Abstract
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Ferroptosis is a recently identified form of oxidative cell death, and ferroptosis 
inhibition has shown short- and long-term neuroprotective effects post-ICH 
(Chen et al., 2019a; Bao et al., 2020). Therefore, ferroptosis is a new target 
for ICH treatment (Wan et al., 2019; Bai et al., 2020). Notably, upregulation 
of HO-1 has been shown to mitigate ferroptosis and has a protective effect 
on intestinal ischemia/reperfusion, type 2 diabetic osteoporosis, and acute 
kidney injury (Fernandez-Mendivil et al., 2021). However, whether HO-1 
potentiates ferroptosis in brain hemorrhagic condition or is induced as a 
protective response remains unclear. 

While studies suggest that WFA inhibits ferroptosis, the exact underlying 
mechanism remains unknown. This study aimed to evaluate the 
neuroprotection and anti-ferroptosis effects of WFA by activating the Nrf2/
HO-1 signaling pathway. Our results may help identify potential therapeutic 
targets for clinical therapy of ICH. 
 
Methods   
Animals
All animal experiments were approved by the Animal Experimentation 
Committee of Guilin Medical University (approval No. GLMC202003006, 
approval date: December 3, 2020) and were performed following the National 
Institutes of Health Guide for the Care and Use of Laboratory Animals. 
Considerable precautions were made to reduce the number of mice used for 
experiments. C57BL/6J mice (20 ± 2 g, 8–12 weeks old) were purchased from 
Hunan SJA Laboratory Animal Co., Ltd. (No. 43004700056305; Changsha, 
China). To reduce the effects of estrogen and its receptor on ICH, only adult 
male mice were used.

Experimental groups
Eighty-nine mice were used in this study. Mice were randomly divided into 
five groups: sham group (n = 21, 0.9% saline, intraperitoneal injection), ICH 
group (n = 21, 0.9% saline, intraperitoneal injection), and three ICH + WFA 
groups (ICH + WFA 0.1 µg/kg, n = 13; ICH + WFA 1 μg/kg, n = 21; ICH + WFA 
5 μg/kg, n = 13; W4394, Sigma Aldrich, MO, USA). The dosing of WFA was 
chosen from earlier studies with minor adjustments (Zhou et al., 2020; Zhao 
et al., 2021). WFA was intracerebroventicularly administered once daily for 7 
days, beginning immediately after ICH surgery. To assess the function of WFA 
in the brain more directly, we chose the intracerebroventricular injection 
approach. The experimental timeline and flow chart are shown in Figures 1 
and 2. For quantitative real-time PCR studies, mice (sham, ICH and WFA 1 
μg/kg groups, n = 4 per group) were sacrificed on days 1 and 3 after ICH. The 
remaining mice were examined by behavioral tests on day 7 and sacrificed 
for (1) HO-1, Nrf2, β-actin and histone H3 protein quantification assay (n = 
6 mice/group); (2) HO-1 mRNA quantification assay (n = 4 mice/group); the 
brain tissue samples came from the same batch; (3) superoxide dismutase 
(SOD), GPx and MDA quantification assay (n = 4 mice/group); and (4) Nissl 
staining and Perl’s (Prussian blue) staining (n = 3 mice/group). Experimenters 
were blinded to experimental conditions during animal modeling, behavioral 
tests, and histological evaluation.

deficiency score was determined using the Garcia test after post-operative 
recovery. Mice with moderate neurological deficiency were included in this 
study. 

For cell models of ICH, hemin-induced cell death was used as the in vitro ICH 
model as described (Zille et al., 2017). SH-SY5Y neuroblast cells (Identifier: 
CSTR: 19375.09.3101HUMSCSP5014, the Type Culture Collection of the 
Chinese Academy of Sciences, Shanghai, China) were cultured at 37°C with 
5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, MA, USA), 
10% FBS (Gibco), and 1% penicillin/streptomycin (4 mg/mL; Sigma-Aldrich). 
Cells were seeded in plates for 24 hours and then exposed to 100 μM hemin 
(BCBR5047V, Sigma-Aldrich) to induce cell death. SH-SY5Y neuroblasts with 
viability that was reduced by approximately 50% were included in this study. 

Grid walking test
The grid walking test was performed on days 1 and 7 after ICH. A 12 mm2 
wire mesh with a grid area of 32 cm × 20 cm × 50 cm was manufactured for 
the grid-walking task (Chao et al., 2012). The foot faults were assessed using 
a video camera positioned beneath the device. Mice were placed on the top 
of the elevated wire grid and were able to move freely until at least 100 steps 
were taken by the left forelimb. Analysis was performed offline by a rater 
blind to group design. The total number of step errors (foot errors) and non-
foot errors for each limb were counted. If a step provided no support and 
the foot passed through the hole of the grid, it was considered a fault. A step 
was also considered a foot fault if an animal was resting with the grid at the 
level of the wrist. The ratio of foot faults to the total number of steps was 
calculated as follows: [number of foot faults/(foot faults + number of non-foot 
fault steps)] × 100%.

Rotarod test
The rotarod test (Liao et al., 2019) was performed on days 1 and 7 after ICH 
to evaluate motor balance and coordination in mice. Mice were pretrained on 
an accelerating rotarod cylinder (Xinruan Instruments, Shanghai, China) at a 
speed of four rotations per minute (r/minute) and then the speed increased 
gradually to 40 r/minute over 90 seconds. For testing, mice were placed on 
the rotarod cylinder; the speed was gradually increased from 0 to 40 r/minute  
within 5 minutes. During the procedure, the latency to falling was recorded. 

CatWalk test
The CatWalk test (Domin et al., 2018) was performed on days 1 and 7 after 
ICH using an automated gait analysis system (walking track test, Xinruan 
Instruments). The CatWalk system included a closed glass bridge and a camera 
to record speed. Gait performance was assessed using recording, paw print 
heat map, and analysis software. For the first 2 days, the mice were allowed 
to get used to the apparatus for 10 minutes each day. On the next day, free 
runs were recorded on the walkway. The percentage of correct steps, paw 
area, and moving speed were collected for analysis. Correct steps referred 
to a complete and uninterrupted crossing of the walkway and a minimum of 
nine step sequences. Moving speed was defined as the speed exerted by the 
paw not in contact with the glass plate.

Histological staining
Mice were infused with saline followed by 4% of paraformaldehyde on day 
7 after ICH. The brains were isolated and fixed in 4% paraformaldehyde 
overnight. The brains were dehydrated with 30% sucrose and then cut into 20 
μm-thick slices using a cryostat (Cryostar NX50, Thermo Scientific, MA, USA). 
Routine Nissl staining (G1436, Beijing Solarbio Science & Technology Co., Ltd., 
Beijing, China) was performed to examine mouse models of ICH as described 
in our previous report (Diao et al., 2020). Surviving neurons with pale nuclei 
and large cell bodies were counted and averaged. Dark-stained neurons and 
those with shrunken cell bodies were considered dead and were not counted.
The tissue sections were stained for ferric iron deposition with the Perl’s 
staining stain kit (G1424, Beijing Solarbio Science & Technology Co., Ltd.) 
following the manufacturer’s instructions. Briefly, tissue sections were 
moisturized with deionized water, incubated in a Prussian blue solution for 

Figure 1 ｜ Timeline of experimental treatments and model design. 
GSH-Px: Glutathione peroxidase; HO-1: heme oxygenase-1; ICH: intracerebral 
hemorrhage; IF: immunofluorescence; LDH: lactate dehydrogenase; MDA: 
malondialdehyde; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 
Nrf2: nuclear factor E2-related factor 2; qRT-PCR: quantitative reverse transcription-
polymerase chain reaction; ROS: reactive oxygen species; SOD: superoxide dismutase; 
WB: western blot; WFA: withaferin A. 

Figure 2 ｜ The flow chart summarizing experimental setup and the number of mice 
analyzed at different stages of the study.  
GSH-Px: Glutathione peroxidase; HO-1: heme oxygenase-1; ICH: intracerebral 
hemorrhage; IF: immunofluorescence; LDH: lactate dehydrogenase; MDA: 
malondialdehyde; Nrf2: nuclear factor E2-related factor 2; qPCR: quantitative polymerase 
chain reaction; SOD: superoxide dismutase; WFA: withaferin A. 

ICH models
The ICH mouse model was established by injection of autologous blood into 
the caudate nucleus as described in a previous report (Diao et al., 2020). 
Briefly, the mice were anesthetized with 2% sevoflurane with a small animal 
anesthetic machine (1 L/minute; RWD Life Science, Shenzhen, China) and then 
attached to a stereotaxic brain locator. Blood from the tail artery (30 μL) was 
inserted into the right basal ganglia (coordinates: 0.1 mm anterior, 1.0 mm 
posterior, and 3.0 mm depth) at a rate of 2 μL/minute using a microinfusion 
pump (RWD Life Science) following a previous report (Diao et al., 2020). The 
autologous blood came from the tail artery in mice with no anticoagulants. 
The needle was held in place for a further 10 minutes after the infusion, and 
the wound was closed. For the sham group, 30 μL of 0.9% saline was injected 
into the right basal ganglia instead of tail artery blood. A rapid neurological 
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30 minutes, and then washed with deionized water. The sections were then 
counterstained with eosin staining solution and then rinsed with deionized 
water. A microscope was used to obtain images (Leica DM2500, Leica Co., 
Heidelberg, Germany). The positive particles represent the degree of iron 
deposition.

Malondialdehyde, total superoxide dismutase and GPx activity 
measurements in vivo and in vitro
ELISA detection kits for total superoxide dismutase (SOD, S0103, Beyotime 
Institute of Biotechnology, Nantong, China), total glutathione peroxidase (GPx, 
S0058, Beyotime Institute of Biotechnology), and malondialdehyde (MDA, 
S0131S, Beyotime Institute of Biotechnology) were used for measurements. 
Assays were performed following the manufacturer’s instructions. The 
brain tissues were isolated on day 7 and placed in 0.9% cold saline. Samples 
were homogenized and centrifuged at 3000 r/minute for 15 minutes. The 
supernatant was collected for ELISA, and samples were analyzed using a 
SynergyTM HT multimode microplate reader (Biotek, Shanghai, China).

To measure MDA, SOD and GPx activities in SH-SY5Y cells, cells were seeded 
at 1 × 105 cells/well in 96-well plates for 24 hours, followed by co-treatment 
with 100 μM hemin at various concentrations (1, 10 and 100 nM) of WFA 
or ferrostatin-1 (fer-1, 10 μM) for 24 hours. The cells were collected using a 
rubber scraper and centrifuged at 1000 × g for 10 minutes at 4°C. Cell pellets 
were lysed in 500 μL of 5% (w/v) metaphosphoric acid. Cellular lysate was 
centrifuged at 13,000 × g for 5 minutes at 4°C. Supernatants were collected 
for measurement of GSH-Px, SOD and MDA activities using a SynergyTM HT 
multimode microplate reader (Biotek).

Lipid ROS in vitro
A BODIPY 581/591 C11 (D3861, Invitrogen, Waltham, MA, USA) lipid 
peroxidation sensor was used to detect ROS as described in previous reports 
(Li et al., 2017; Ingold et al., 2018). Briefly, SH-SY5Y cells were seeded onto 
glass slides and treated with hemin alone or in the presence of WFA for 
24 hours. Cells were incubated for 30 minutes with 5 μM BODIPY C11 and 
then washed with PBS three times to remove excess BODIPY C11. Lipid ROS 
fluorescence images were taken under the fluorescence microscope and 
green fluorescence intensity was computed using ImageJ software.

MTT assay
SH-SY5Y cells in the exponential growth phase were seeded on flat bottomed 
96 well plates at 4 × 104 cells/mL. Cells were treated with PBS, hemin, 
or hemin with different concentrations of WFA (in these groups, cells 
were incubated with hemin for 30 minutes followed by administration of 
WFA) for 24–48 hours. The cells were subsequently incubated with 3-(4, 
5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, 5 mg/mL) for 
4 hours in the cell culture incubator. Absorbance values at 490 nm wavelength 
were measured using a SynergyTM HT multimode microplate reader.

Cell lactate dehydrogenase (LDH) release assay
SH-SY5Y cells were treated with PBS, hemin, or hemin with various 
concentrations of WFA (the cells were incubated with hemin for 30 minutes 
followed by WFA administration) for 24 hours. The cell supernatant was 
collected and measured with a cell LDH kit (Beyotime Biotechnology).

Western blot assay
Brain samples were collected on day 7 after ICH. Brain samples or cell samples 
were isolated and homogenized within RIPA lysis buffer (P0013B, Beyotime 
Institute of Biotechnology) following the manufacturer’s instruction. Lysates 
were processed using a nuclear and cytoplasmic protein extraction kit 
(KGBSP002, KeyGEN Biotech, China). Equal quantities of protein per sample 
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to a membrane. The membrane was blocked with 
5% skimmed milk for 1 hour at room temperature, followed by incubation 
with the following primary antibodies: rabbit anti-HO-1 (1:1000, AF5393, 
Affinity Biosciences, Changzhou, China), mouse anti Nrf2 (1:1000, BF8017, 
Affinity Biosciences), mouse anti-4-HNE (1:1000, MA5-27570, ThermoFisher 
Scientific, MA, USA), rabbit anti-TF (1:800, DF13383, Affinity Biosciences), 
rabbit anti-FTH1 (1:1500, DF6278, Affinity Biosciences), rabbit anti-β-actin 
(1:5000, AF7018, Affinity Biosciences), rabbit anti-histone H3 (1:1000, 
AF0863, Affinity Biosciences) and rabbit anti-GAPDH (1:5000, AF7021, Affinity 
Biosciences) at 4°C overnight. The membranes were washed with PBS three 
times, followed by incubation with anti-mouse IgG (1:10,000, S0002, Affinity 
Biosciences) or anti-rabbit IgG (1:5000, S0001, Affinity Biosciences) for 1 hour 
at room temperature. The membranes were processed using an enhanced 
chemiluminescence detection system (Beyotime Biotech) and evaluated using 
a Gel Imaging System (C500, Azure Biosystems, Dublin, CA, USA). Protein band 
intensities were normalized to those of β-actin, GAPDH or histone H3 using 
Image J software. 

Immunofluorescence assay 
Brain samples were collected on day 7 after ICH. Brain tissues or cell samples 
were washed with PBS and permeabilized with 0.1% Triton X-100. Samples 
were incubated with rabbit anti-HO-1 (1:200, AF5393, Affinity Biosciences) 
and mouse anti-Nrf2 (1:200; AF0639, Affinity Biosciences) at 4°C overnight. 
Following PBS washes, the samples were incubated with Alexa Fluor-
conjugated secondary antibodies (anti-rabbit 488 or 594, 1:200, A32766, 
A48284, ThermoFisher Scientific, MA, USA) for 1 hour at room temperature, 
followed by incubation with 4′,6-diamidino-2-phenylindole (DAPI) for 2 
minutes. Images were observed with a fluorescence microscope (Leica 

DM2500, Leica Co.) and analyzed using ImageJ software (NIH, Bethesda, MD, 
USA). The allocation signals in the dual-channel overlay images were analyzed 
with the ImageJ “Co-localization Finder” plugin.

Quantitative reverse transcription-PCR 
Brain samples were collected on day 7 after ICH. Total RNA was prepared 
from brain perihematomal tissue or cultured cells using a total RNA Extractor 
(Trizol) kit (B511311, Sangon Technology Co., Ltd., China) following the 
manufacturer’s instructions. Total RNA was reverse transcribed with reverse 
transcriptase (RR037Q, Takara, Japan). qPCR was performed with target-
specific primers and SYBR Green reagent (RR820Q, Takara Co., Ltd., Japan). 
Quantitative polymerase chain reaction (qPCR) was performed in 20 μL with 
cDNA for 40 amplification cycles in a LightCycler 96 System (Roche, IN, USA). 
The 2–∆∆CT method (Diao et al., 2022) was used to measure mRNA levels and 
GAPDH mRNA was used as a reference for normalization. Replications of at 
least three independent tissue samples or cell cultures were used. Table 1 
shows the primer sequences used in this study.

Table 1 ｜ Primers for quantitative reverse transcription-PCR

Gene Primer sequence (5'–3') Accession number Product size (bp)

Mouse Ho-1 Forward: AAG CCG AGA ATG 
CTG AGT TCA 

NM_010442.2 100

Reverse: GCC GTG TAG ATA TGG 
TAC AAG GA

Gapdh Forward: AGG TCG GTG TGA 
ACG GAT TTG 

NM_001289726.1 123

Reverse: TGT AGA CCA TGT AGT 
TGA GGT CA

Human HO-1 Forward: AAG ACT GCG TTC CTG 
CTC AAC 

NM_002133.3 247

Reverse: AAA GCC CTA CAG CAA 
CTG TCG 

GAPDH Forward: GGA GCG AGA TCC 
CTC CAA AAT 

NM_001256799.3 197

Reverse: GGC TGT TGT CAT ACT 
TCT CAT GG

Gapdh/GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; Ho-1/HO-1: heme 
oxygenase-1.

RNA interference 
Mouse siNrf2-1, siNrf2-2 and siScr were obtained from ThermoFisher 
Scientific (# AM16708). SH-SY5Y cells/mL in the logarithmic growth phase 
were plated in a 6-well plate (3 × 106 cells/well) and cultivated overnight. 
Transfection of siRNAs was performed using Lipofectamine 2000 (Invitrogen, 
Villebon-sur-Yvette, France) in DMEM following the manufacturer ’s 
instructions. The cells were allowed to recover in fresh growth medium for 48 
hours for gene silencing and then used in subsequent experiments.

Evaluation of WFA interactive genes 
The Comparative Toxicogenomics Database (CTD; http://ctdbase.org/) is 
a robust public database that provides manually prepared information on 
chemical-gene/protein interactions. The targets of WFA were retrieved and a 
total of 58 related genes were retrieved from the CTD database before May 1, 
2021.

Identification of genes interacting with HO-1 
The HO-1 interacting genes were identified from the online search tool 
STRING database (STRING, V11.0; https://string-db.org/) that predicts protein-
protein interactions. All genes in the WFA interaction genes were used for 
analysis and a total of 15 genes that directly interacted with HO-1 were found 
before May 1, 2021. Overlapped genes were visualized by Venn analysis with 
an online tool (https://bioinformatics.psb.ugent.be/webtools/Venn/). 

Statistical analysis
Statistical analysis was conducted using GraphPad Prism 8.0.2 software 
package (GraphPad Software, USA). All results are presented as the mean ± 
SEM. Significant differences were analyzed by one-way analysis of variance 
or two-way analysis of variance with Bonferroni correction for post hoc 
comparisons between multiple experimental groups. P < 0.05 was regarded 
as statistically significant. 

Results
WFA induces HO-1 expression and reduces oxidative damage at the late 
stages of ICH in vivo
To evaluate the effect of WFA treatment on HO-1 expression during ICH, HO-1 
mRNA expression was evaluated in the brain of ICH model mice following WFA 
treatment. qPCR results indicated that the expression of HO-1 mRNA gradually 
increased from day 1 to day 7 in the ICH model mice; compared with the 
controls, WFA at 1 μg/kg significantly increased the expression of HO-1 only 
on day 7 following ICH (P = 0.0095; Figure 3A). We thus selected day 7, the 
late stage of ICH, for subsequent experiments. To determine the optimal dose 
for WFA treatment, we performed experiments with various doses of WFA. 
HO-1 expression protein increased significantly on day 7 in the ICH mouse 
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model compared with the control (P = 0.0446). WFA resulted in a marked 
up-regulation of HO-1 protein level, depending on the dose. The doses of 
1 μg/kg were more efficacious than the doses of 5 μg/kg and 0.1 μg/kg  
(Figure 3B and C). We therefore selected the dose of 1 μg/kg for further 
experiments.

Previous studies showed that HO-1 activates stress response proteins to 
reduce oxidative damage (Gorg et al., 2019). To clarify the effect of a high 
level of HO-1 induced by oxidative stress at late stage of ICH, we assessed the 
level of representative oxidative stress markers on day 7. The MDA oxidative 
stress marker in the ICH group was higher than that in the sham group (P 
< 0.0001), and MDA content was much higher in the ICH + WFA groups 
compared with the ICH group (all P < 0.0001; Figure 3D). We also evaluated 
the activity of the anti-oxidative stress marker GSH-Px. As shown in Figure 
3E, GSH-Px activity decreased in the ICH group compared with that the sham 
group (P < 0.0001) and increased in all ICH + WFA groups compared with the 
ICH group (P < 0.0001). The anti-oxidative stress marker SOD was higher in the 
ICH group compared with the sham group (P < 0.0001), and ICH + WFA group 
showed higher levels than the ICH group (P = 0.0068; Figure 3F). These data 
suggest that WFA may reduce oxidative stress by increasing HO-1 expression 
at the late stage of ICH.

WFA ameliorates brain injury and reduces neurobehavior deficits after ICH 
in vivo 
To verify the anti-oxidative damage effects of WFA, we assessed the 
pathological changes in the perihematomal region after ICH. Nissl staining 
was conducted to detect the surviving neural cells around the hematoma. As 
shown in Figure 4A, the amount of Nissl+ cells in perihematomal brain tissue 
were higher in the WFA group than that in the ICH group. We also examined 
iron accumulation in the brain perihematomal region by Perl’s staining (Figure 
4B). More iron accumulation was found in the perihematomal region of ICH 
mice than in sham mice. In contrast, treatment with WFA resulted in smaller 
accumulation of iron compared with the ICH group. 

Inhibition of oxidative stress has a beneficial effect on neurofunction recovery 
after ICH. Thus, to evaluate the effect of WFA treatment on ICH model mice, 
neurobehavior tests were performed on day 1 and day 7. As assessed by the 
foot-fault test for forepaw placing and grasping, serious behavioral deficits of 
the left forepaw were evident in mice at 7 days after ICH (P < 0.0001) (Figure 
4C). Notably, animals showed a significant dose-dependent improvement 
at 7 days after ICH with WFA treatment (ICH vs. ICH + WFA 0.1 μg/kg P = 
0.0139, ICH + WFA 0.1 μg/kg vs. ICH + WFA 1 μg/kg, P = 0.0001). In rotarod 
tests, ICH mice showed a significantly deceased duration of time maintaining 
balance on the rod (P < 0.0001; Figure 4D). WFA-treated mice (1 μg/kg) 
exhibited a dramatic increase in the performance of the test (P = 0.0139). 
Gait impairment was evaluated as the percentage of correct steps, the paw 
area, and the speed via the Catwalk (Figure 4E–H). As shown in Figure 4F, 
the percentage of correct steps decreased in the ICH model mice compared 
with the sham group (P < 0.0001). Treatment with WFA dose-dependently 
recovered the percentage of correct steps in ICH mice (P = 0.0012, P = 
0.0044). Paw area is the area of the paw in contact with road surface during 
the motion phase. The paw area in the ICH mice was significantly decreased 
compared with that of the sham mice (P < 0.0001; Figure 4G). However, the 
paw area of ICH mice dose-dependently increased after treatment with WFA (P 
= 0.0474). Run speed reflects the crawling ability of mice. As shown in Figure 
4H, the run speed in the sham group was faster than that in the ICH group (P 
< 0.0001), but it was highly recovered after treatment with 1 μg/kg WFA (P 
= 0.0305). We also observed severe behavioral deficits in animals 1 day after 
ICH (Figure 4C–H). WFA treatment had no effect on the neurobehavior test 
results at 1 day post-ICH.

WFA induces HO-1 expression to attenuate oxidative damage in vitro
We next examined the expression of HO-1 using western blot analysis in 
an SH-SY5Y neuroblast cell model of ICH using hemin exposure after WFA 
treatment. As shown, WFA alone had no effect on HO-1 expression in normal 
medium. However, upon ICH stress, a significant increase in HO-1 expression 
was detected (P < 0.0001; Figure 5A and B). A further increase in HO-1 
level was observed after WFA treatment in a dose-dependent manner (P = 
0.0097). Furthermore, the ICH cell model showed a decrease in cell viability 
(P < 0.0001), which was reversed by administration of WFA at the doses of 10 
and 100 nm (P = 0.0390, P = 0.0077; Figure 5C). To explore the anti-oxidative 
effect of WFA, we evaluated GSH-Px, SOD and MDA levels in vitro. The MDA 
level was higher in the hemin group compared with control cells (P < 0.0001), 
and WFA treatment at the doses of 10 and 100 nM significantly decreased 
MDA level (P = 0.0256, P = 0.0092; Figure 5D). Both GSH-Px activity and SOD 
level in the hemin group were lower than those in the DMEM group (P = 
0.0003, P < 0.0001), while WFA-treated groups exhibited increased levels in a 
dose-dependent manner (P = 0.0140, P = 0.0039, P = 0.0143; Figure 5E and F). 

WFA induces Nrf2 nuclear translocation to increase HO-1 expression in vivo 
and in vitro
To explore the mechanisms underlying the upregulation of HO-1 expression 
with WFA treatment after ICH, bioinformatics analysis was used to identify 
the key target(s) of WTA. The comparative toxicogenomic database (CTD) was 
used to search for genes interacting with WFA, and a total of 58 genes were 
retrieved. Next, all these genes including HO-1 were used for subsequent 
analysis and a total of 15 genes that directly interacted with HO-1 were found 

using the STRING database. Among these genes, the nuclear factor erythroid 
2-related factor 2 (NFE2L2) gene overlapped with genes that interact with 
WFA (Figure 6A). Nrf2 is normally sequestered in the cytoplasm and bound to 
keap1, and it is dissociated from keap1 and subsequently promotes nuclear 
translocation of Nrf2 under stress (Imai et al., 2021). Thus, the effects of 
WFA on Nrf2 nuclear translocation during ICH were evaluated. As shown in 
Figure 6B and C, while the level of Nrf2 expression showed non-significant 
changes both in the cytoplasm and nucleus in ICH mice, WFA (1 μg/kg) 
induced a further reduction of Nrf2 expression in the cytoplasm (P = 0.003) 
and significant elevation of Nrf2 expression in the nucleus (P = 0.0391); higher 
Nrf2 expression and predominant Nrf2 nuclear location were observed in 
response to WFA treatment levels in ICH mice (P < 0.001; Figure 6D).

We further investigated the impact of WFA treatment on Nrf2 in vitro using 
the hemin-induced cell injury model. As shown in Figure 6E–G, nuclear 
translocation of Nrf2 increased dose-dependently after WFA treatment 
for 24 hours in hemin-induced SH-SY5Y neuroblast injury (P = 0.0349). The 
cytoplasmic fractions of Nrf2 were dose-dependently decreased in hemin-
induced SH-SY5Y neuroblast injury after WFA treatment for 24 hours (P = 
0.0035). Notably, WFA treatment had no effect on the expression of Nrf2 in 
the nucleus and cytoplasm in the normal medium (P > 0.05). Similar results 
were shown in immunofluorescence analysis. The overlays of Nrf2 and DAPI 
images of the two detection channels were used to generate scatterplots and 
to calculate the Pearson’s correlation coefficient (Rr) and Manders parameter 
of the two fluorescent signals (Dunn et al., 2011). Rr values > 0.5 or Manders 
values > 0.6 indicate co-localization. As shown in Figure 6H–K, WFA treatment 
promoted Nrf2 nuclear translocation in hemin-induced SH-SY5Y neuroblast 
injury in a dose-dependent manner. In contrast, Nrf2 expression showed no 
changes in cells exposed to 10 nM WFA in normal medium. These findings 
suggest that WFA promoted the translocation of Nrf2 from the cytosol to the 
nucleus after ICH.

Nrf2 silencing abrogates the upregulation of WFA on expression of HO-1 
and oxidative stress in vitro
To further investigate the effect of Nrf2 expression in ICH, SH-SY5Y neuroblast 
cells were transduced with Nrf2-specific siRNA. Both Nrf2 siRNAs significantly 
suppressed the expression of Nrf2 (P < 0.0001; Figure 7A and B). Next, the 
effect of Nrf2 silencing on the expression of HO-1 was analyzed. As shown in 
Figure 7C, WFA induced HO-1 mRNA expression (P = 0.0058), and silencing 
Nrf2 expression significantly suppressed HO-1 mRNA (P = 0.0082, P = 0.0145). 
Furthermore, Nrf2 silencing significantly reduced HO-1 protein levels (P = 
0.0016, P = 0.0032; Figure 7D and E). In addition, the role of Nrf2 in the 
anti-oxidative effects of WFA against neural injury in vitro was investigated. 
As shown in Figure 7F, administration with WFA significantly increased cell 
viability under the ICH condition (P < 0.0001). Nrf2 silencing with siRNA 
markedly reversed these results (P < 0.0001, P < 0.0001). We then examined 
the influence of Nrf2 silencing on oxidative stress after WFA treatment. The 
level of the oxidative stress marker MDA significantly decrease in WFA-treated 
cells (P = 0.0060), but silencing Nrf2 attenuated the decrease in the level of 
MDA (P = 0.0026, P = 0.0166; Figure 7G). Furthermore, the levels of the anti-
oxidative stress markers GSH-Px and SOD both increased markedly in cells 
exposed to 10 nM WFA (P = 0.0002, P < 0.0001) and Nrf2 silencing reversed 
these effects (P = 0.0087, P = 0.0067, P = 0.0007, P = 0.0003; Figure 7H and I).

WFA induces HO-1 expression to mitigate ferroptosis after ICH in vitro 
Following ICH, the same series of molecular events is found in oxidative stress 
and the ferroptosis process, such as lipid peroxidation and ROS (Ren et al., 
2021). Therefore, WFA may induce HO-1 expression to attenuate oxidative 
stress associated with ferroptosis-driven cell death after ICH. In addition, 
zinc protoporphyrin (ZnPP), a specific HO-1 inhibitor, was used to evaluate 
the effect of HO-1. HO-1 protein expression after ZnPP treatment is shown 
in Figure 8A and B, and the results showed that ZnPP significantly down-
regulated HO-1 protein level (P < 0.0001). To date, specific ferroptosis markers 
have not been identified, but several features can separate ferroptotic cell 
death from other forms of cellular death (Hadian and Stockwell, 2020; Tang et 
al., 2021). Thus, we first assessed cell viability and found that WFA treatment 
markedly favored the survival of SH-SY5Y neuroblast in response to hemin-
induced injury (P = 0.0484) but was reversed following ZnPP treatment (P = 
0.0376; Figure 8C). Next, lipid peroxidation was determined by evaluating 
lipid ROS and 4-HNE. The level of lipid ROS was assessed by BODIPY 581/591 
C11 oxidation. Lipid ROS markedly increased in the hemin-induced cell injury 
model (P = 0.0010) but was restored following WFA treatment (P = 0.0186). 
ZnPP abrogated this ferroptosis-associated change (P = 0.0204; Figure 8D and 
E). We also examined 4-HNE level by western blotting. As shown in Figure 
8F and G, the hemin-induced cell injury model exhibited a highly elevated 
level of 4-HNE protein compared with controls (P = 0.0057). WFA treatment 
decreased 4-HNE content to the level in the control group (P = 0.0078). 
However, inhibition of HO-1 with ZnPP significantly reversed it (P = 0.0063). 
Next, transferrin (TF) and ferritin (FTH1), key proteins of iron metabolism, 
were detected by western blotting. As shown in Figure 8F, H and I, the 
protein level of TF and FTH1 was significantly elevated in the hemin-induced 
cell injury model (P = 0.0002, P = 0.0006) and WFA decreased both TF and 
FTH1 expression compared with that in the controls (P = 0.0006, P = 0.0019). 
Furthermore, inhibition of HO-1 with ZnPP significantly increased TF and FTH1 
expression (P = 0.0034, P = 0.0044).
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Figure 3 ｜ Withaferin A (WFA) induces heme oxygenase-1 (HO-1) expression and attenuates oxidative damage in the late stage of intracerebral hemorrhage (ICH) in vivo.
(A) Quantitative analysis of relative gene level of HO-1 in the sham, ICH, and WFA-treated mouse groups on days 1, 3 and 7 after ICH, **P < 0.01 (two-way analysis of variance 
followed by Bonferroni correction). Representative western blot images (B) and quantitative analysis of relative protein levels of HO-1 (C) in the sham, ICH, and ICH + WFA (0.1, 1, and 
5 μg/kg) groups on day 7 after ICH. (D) Malondialdehyde (MDA) content in the indicated groups. (E) Glutathione peroxidase (GSH-Px) bioactivity in the indicated groups. (F) Superoxide 
dismutase (SOD) level in the indicated groups. For B–F, *P < 0.05, **P < 0.01 (one-way analysis of variance followed by Bonferroni correction). Data are expressed as the mean ± SEM (n 
= 4). ICH: Intracerebral hemorrhage; WFA: withaferin A.
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Figure 4 ｜ WFA improves the pathological changes and decreases the neurobehavioral deficits in the late stage of ICH in vivo. 
Pathological changes in mouse brain from the indicated groups were evaluated by Nissl staining (A) and Perl’s staining (B) on day 7 after ICH. The blue particles represent the degree 
of iron deposition and black arrows indicate typical iron deposition. (C) Grid walking test results on days 1 and 7 after ICH. (D) Rotarod test results on days 1 and 7 after ICH. (E) Typical 
paw prints heat map in each group on day 7 after ICH. Statistical analysis of the percentage of correct steps (F), paw area (G), and speed (H) in each group on days 1 and 7 after ICH. 
n = 3 mice per group in (A) and (B); n = 10 mice per group in (C–H). *P < 0.05, **P < 0.01 (two-way analysis of variance followed by Bonferroni correction). Data are expressed as the 
mean ± SEM. ICH: Intracerebral hemorrhage; WFA: withaferin A.

10

8

6

4

2

0

S
O

D
 (U

/m
L)

F
6

4

2

0

G
S

H
-P

x 
(U

/m
g)

E
15

10

5

0

M
D

A 
(n

g/
L)

D
120

60

0

C
el

l v
ia

bi
lit

y
(%

 o
f c

on
tro

l)

C
4

3

2

1

0

H
O

-1
/β

-a
ct

in
 

(fo
ld

 c
ha

ng
e)

B

HO-1 33 kDa

β-Actin 43 kDa

A

DM
EM

DM
EM

+W
FA

10
He

m
in

1   10   100 (nM)
Hemin+WFA

DMEM

DMEM+W
FA

10

Hem
in (nM)

Hemin+WFA

1 10 10
0

DMEM

DMEM+W
FA

10

Hem
in (nM)

Hemin+WFA

1 10 10
0

DMEM

DMEM+W
FA

10

Hem
in (nM)

Hemin+WFA

1 10 10
0

DMEM

DMEM+W
FA

10

Hem
in (nM)

Hemin+WFA

1 10 10
0

DMEM

DMEM+W
FA

10

Hem
in (nM)

Hemin+WFA

1 10 10
0

**

**

**

**

*

**

**

*
**

**

*

**

*

Figure 5 ｜ WFA induces the expression of HO-1 and prevents oxidative damage in SH-SY5Y neuroblasts in vitro.  
Representative western blot images (A) and densitometric analysis (B) of HO-1 expression in SH-SY5Y neuroblasts treated as indicated. Cells were treated with 100 μM hemin 
alone or co-treated with WFA at various concentrations (1, 10 and 100 nM) for 24 hours. (C) MTT assay was used to analyze cell survival rate in cells treated as indicated. (D) MDA 
content in the indicated cell groups. (E) GSH-Px bioactivity in the indicated cell groups. (F) SOD level in the indicated cell groups. *P < 0.05, **P < 0.01 (one-way analysis of variance 
followed by Bonferroni correction). “ns” stands for non-significant. Data are expressed as the mean ± SEM (n = 6). GSH-Px: Glutathione peroxidase; HO-1: heme oxygenase-1; MDA: 
malondialdehyde; SOD: superoxide dismutase; WFA: withaferin A.

WFA combined with ferrostatin-1 ameliorates hemin-induced cell injury in 
vitro  
To further confirm the causal link between WFA and ferroptosis, ferrostatin-1 
(fer-1), a specific ferroptosis inhibitor was used. Cell viability significantly 
decreased (P < 0.0001) and the LDH release significantly increased (P = 0.0002) 
in SH-SY5Y neuroblasts under injury condition. WFA treatment significantly 
increased SH-SY5Y neuroblast viability (P = 0.032) and reduced LDH release 
to a larger extent (P = 0.0026) than that with hemin alone. Moreover, this 
neuroprotective effect was further enhanced by ferroptosis inhibition 
following treatment with WFA combined with fer-1 (P = 0.0055, P = 0.0005; 
Figure 9A and B). In addition, the level of lipid ROS markedly increased in 
hemin-induced SH-SY5Y neuroblast ferroptotic cell death (P < 0.0001). The 
expression of 4-HNE was significantly enhanced after ICH (P = 0.0008). WFA 
treatment prevented the upregulation of lipid ROS (P = 0.0029) and 4-HNE 
(P = 0.0430) after ICH. Of note, WFA combined with fer-1 treatment also 
improved these changes associated with ferroptosis (P = 0.0002, P = 0.0075; 
Figure 9C–F). We evaluated oxidative damage and the results showed that 
WFA treatment reduced MDA content (P = 0.0029) and increased GSH-Px 
activity (P = 0.0133) after ICH. The combination of WFA and fer-1 further 
increased this trend (P = 0.0009, P = 0.0137; Figure 9G and H).

Discussion
ICH remains a major health issue with high mortality and disability rates (Doria 
and Forgacs, 2019; Sorensen, 2019). To date, the mechanisms responsible for 
the onset of ICH remain unclear (Caso and Mosconi, 2021). The pathological 
mechanisms of the hyperacute (within 3 hours), acute (within 24 hours), and 
late (after 3 days) stages of ICH can be different. ICH after secondary injury 
processes including brain edema, neuro-inflammatory, oxidative damage and 
programmed cell death develops within the first several hours and peaks after 
3 days at the late stages of ICH. Both preclinical and clinical studies indicate 
that the intervention of the above-mentioned pathological mechanisms in 
the late stage will greatly benefit the prognosis of patients with cerebral 
hemorrhage (Bobinger et al., 2018; Chen et al., 2020). Previous investigations 
have indicated that HO-1, a redox-sensitive inducible enzyme, is expressed 
at low levels under physiological conditions, and stimuli such as bleeding, 
hypoxia and the inflammatory response can markedly up-regulate its level 
(Lin et al., 2007; Consoli et al., 2021). In the current study, we found markedly 
increased expression level of HO-1 in both acute and late stages of ICH. 
However, HO-1 may exhibit distinct roles in early- and late-stage ICH. Several 
studies have demonstrated that HO-1 activation relieves brain injury early 
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Figure 7 ｜ Silencing Nrf2 depresses HO-1 expression and reverses WFA protection of hemin-induced SH-SY5Y neuroblast oxidative injury in vitro.  
(A) Representative western blot images and (B) quantitative analyses of Nrf2 at 24 hours after siRNA treatment in the ICH injury model induced by hemin with or without 
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WFA: withaferin A.



1314  ｜NEURAL REGENERATION RESEARCH｜Vol 18｜No. 6｜June 2023

NEURAL REGENERATION RESEARCH
www.nrronline.org Research Article

after ICH but promotes neuro-function recovery in the later stage of ICH (Wang 
and Dore, 2007; Chen-Roetling et al., 2017). Of note, our results showed 
that WFA only increased HO-1 expression at the late stage of ICH in a dose-
dependent manner. Thus, we speculate that WFA may exert neuroprotective 
effects after ICH by upregulation of HO-1 expression. Furthermore, Choi et 
al. (2008) reported that HO-I played a marked role in the protection against 
oxidative tissue injury. Indeed, we found that (1) WFA markedly increased 
the level of HO-1 following ICH in vivo and in vitro; (2) up-regulation of MDA 
content and down-regulation of GSH-Px and SOD activities were markedly 
reversed by WFA treatment in both in vivo and in vitro ICH models; and (3) 
WFA treatment markedly improved the outcomes of ICH both in vivo and in 
vitro. Thus, the current findings suggested that WFA exerts its neuroprotective 
effect by reducing oxidative stress injury after ICH via upregulation of HO-1 
level.

L itt le  has been known about the antioxidant mechanism of  the 
neuroprotective effects of WFA. Nrf2 is a key transcription factor that 
regulates the antioxidant defense system. When exposed to oxidants, 
cytoplasmic Nrf2 is translocated into the nucleus, where it binds to HO-1 
consensus binding sequence to induce its expression. Therefore, WFA may 
regulate Nrf2/HO-1 pathway to promote its anti-oxidative stress effect after 
ICH. Therefore, Nrf2 expression was investigated in vivo and in vitro following 
WFA treatment. In in vivo hemorrhagic stroke, the expression and nuclear 
localization of Nrf2 were up-regulated after ICH, and nuclear expression was 
further increased after WFA administration. Similar results were found in SH-
SY5Y neuron cell models of ICH (Heyninck et al., 2016). To further identify the 

critical role of Nrf2/HO-1 pathway in the anti-oxidative stress effect of WFA, 
Nrf2 siRNA was used to downregulate its expression. The results showed 
that the upregulation effect of WFA on HO-1 expression was abolished by 
Nrf2 siRNA. Furthermore, the suppressive effect of WFA on oxidative damage 
was also markedly inhibited by Nrf2 siRNA. In addition, Nrf2 siRNA reversed 
the protective effect of WFA on hemin-induced SH-SY5Y neuronal cell injury. 
Together these results further indicated that WFA protects against ICH by 
reducing oxidative stress and activating the Nrf2/HO-1 pathway. 

Oxidative stress, caused by excessive ROS inducing lipid peroxidation 
and oxidation of proteins, DNA, and RNA, leads to neuronal dysfunction 
and death (van der Pol et al., 2019). Ferroptosis is a non-apoptotic, iron-
dependent oxidative form of cell death that is involved in the pathogenesis of 
ICH (Green, 2019; Li et al., 2020). Oxidative stress induces neuronal cell death 
via tert-butyl hydroperoxide, which can be blocked by ferroptosis inhibitors, 
implying a crosstalk between the initial oxidative damage and ferroptosis 
(DeGregorio-Rocasolano et al., 2019). Moreover, the Nrf2/HO-1 pathway 
plays a pivotal role in ferroptosis (Ma et al., 2020). Therefore, we speculate 
that WFA activates the Nrf2/HO-1 pathway to play a neuroprotective role 
in ICH. In addition, it may inhibit neuronal ferroptotic death by suppressing 
oxidative damage. Our data showed that ICH results in marked elevation of 
lipid ROS, 4-HNE protein and the key iron metabolism proteins (TF and FTH1), 
whereas WFA notably decreased their levels. In addition, the HO-1 inhibitor 
ZnPP reversed the effect of WFA. Thus, the neuroprotective effect of high 
HO-I expression on WFA may be partly achieved by inhibiting the expression 
of HO-I. 
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Zhou et al. (2020) found that WFA suppressed the apoptosis of endothelial 
cells and modulated microglial activation. Endothelial cell injury and the 
inflammatory response caused by microglia have also been implicated in 
ICH pathogenesis. Thus, we cannot exclude the possibility that the anti-
inflammatory and anti-apoptotic effects of WFA may have played a role 
following ICH. In addition, ferroptosis plays a critical role in brain lesions, 
including stroke and subarachnoid hemorrhage. Therefore, we speculate 
that WFA, as a ferroptosis inhibitor, plays a role in a broader range of brain 
diseases through different mechanisms, and these mechanisms need to be 
explored further.

In conclusion,  the present study demonstrated that  WFA had a 
neuroprotective effect and promoted functional recovery after ICH. In both 
an in vivo model and in vitro model, WFA application inhibited ferroptosis and 
attenuated oxidative stress–related damage after hemorrhagic stroke and 
these effects were at least partially related to enhanced Nrf2 translocation 
and HO-1 expression. Collectively, our study suggests that WFA may serve as a 
promising treatment for hemorrhagic stroke.
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