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Summary 
Farrerol (FA) is a traditional Chinese herbal medicine known for 
its anti-inflammatory and anti-oxidative properties in various 
diseases. Ferroptosis is an iron-dependent oxidative stress-
induced cell death. It is characterized by lipid peroxidation and 
glutathione depletion and is involved in neuronal injury. However, 
the role of FA in inhibiting ferroptosis in hypoxic-ischemic 
encephalopathy (HIE) and its underlying mechanisms are not yet 
completely elucidated. This study aimed to investigate whether 
FA could mediate ferroptosis and explore its function and 
molecular mechanism in HIE. A neonatal rat model of HIE was 
used, and rats were treated with FA, ML385 (a specific inhibitor 
of nuclear factor erythroid 2-related factor 2 [Nrf2]), or 
a combination of both. Neurological deficits, infarction volume, 
brain water content, pathological changes, and iron ion 
accumulation in the brain tissues were measured using the 
Zea-Longa scoring system and triphenyl tetrazolium chloride 
(TTC), hematoxylin-eosin (HE), and Perls’ staining. The 
expression levels of GSH-Px, MDA, SOD, and ROS in brain tissues 
were also evaluated. Western blot analysis was performed to 
analyze the expression of the Nrf2 pathway and ferroptosis-
related proteins. The results showed that FA administration 
significantly reduced neuronal damage, infarct volume, cerebral 
edema, and iron ion accumulation and inhibited MDA and ROS 
levels while promoting GSH-Px and SOD levels. FA also increased 
the expression levels of glutathione peroxidase 4 (GPX4), solute 
carrier family 7 member 11 (SLC7A11), Nrf2, and HO-1. 

Moreover, the combination of ML385 and FA in HIE abolished the 
FA protective effects. Therefore, the study concludes that FA 
exerts a neuroprotective effect after HIE by inhibiting oxidative 
stress and ferroptosis via the Nrf2 signaling pathway. 
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Introduction 
 

Neonatal hypoxic-ischemic encephalopathy 
(HIE) is a leading cause of neonatal death and long-term 
disability, including visual impairment, learning 
impairment, epilepsy, mental retardation, blindness, and 
cerebral palsy [1]. Lack of oxygen is a major contributing 
factor to brain damage during the neonatal period [2], 
causing about 1 million deaths per year and being one of 
the most common causes of neonatal morbidity and 
mortality worldwide. According to a previous report, 
about 20 % of all neonates with HIE will die in the 
newborn period, and 25 % of the survivors will suffer  



512   Li et al.  Vol. 72 
 
 
a permanent neurologic deficit [3]. Despite extensive 
research efforts, the prevention and treatment of this 
disease remain a significant medical challenge with 
global financial repercussions. Therefore, there is  
an urgent need to study the pathological mechanisms 
underlying this disease. Currently, oxidative stress is 
widely accepted as the most crucial pathophysiological 
mechanism of HIE. Therefore, preventing oxidative stress 
is considered an effective therapeutic approach for HIE 
[4]. Recent studies have also shown the involvement of 
ferroptosis in HIE [5-7]. However, the detailed molecular 
mechanisms in HIE are not fully elucidated.  

Ferroptosis, a form of cell death distinct from 
apoptosis, necrosis, autophagy, and pyroptosis, is 
characterized by iron-dependent lipid peroxidation and is 
involved in aging, immunity, and cancer [8-10]. 
Oxidative stress inhibits cystine uptake through the 
glutamate/cystine transporter (also called system xc-) and 
down-regulates expression of genes such as glutathione 
peroxidase 4 (GPX4) and solute carrier family 7 member 
11 (SLC7A11), contributing to ferroptosis [11]. The 
nuclear factor erythroid 2-related factor 2 (Nrf2) 
signaling can counteract oxidative stress and inhibit 
ferroptosis in lung injury [12, 13]. HIE promotes iron 
accumulation in the central nervous system, resulting in  
a series of free radical reactions that lead to nerve cell 
damage and irreversible brain damage. A recent study 
demonstrated that ferroptosis is involved in HIE in 
neonatal rats [7]. Moreover, a natural glycosyl 
triterpenoid product has been reported to alleviate brain 
damage related to ferroptosis in vivo and in vitro [6]. 
Therefore, we aimed to investigate whether other natural 
products could protect against HIE by inhibiting 
ferroptosis. 

Farrerol (FA), (S)-2,3-dihydro-5,7-dihydro- 
xy-2-(4-hydroxyphenyl)-6,8-dimethyl-4-benzopyrone,  
a natural flavanone compound isolated from 
Rhododendron [14], a traditional Chinese herbal 
medicine, has been reported to exhibit protective effects 
against bacteria, inflammation, angiogenesis, and 
oxidative stress-related diseases [15, 16], such as chronic 
kidney disease [17], myocardial ischemia/reperfusion 
[18], and hepatotoxicity [19]. A previous study has 
shown that FA possesses neuroprotective activity in  
β-amyloid induced oxidative stress through the 
Nrf2/Keap1 pathway [20]. In another study, FA was 
found to protect dopaminergic neurons in 
lipopolysaccharide (LPS)-induced Parkinson’s disease 
(PD) via AKT and NF-κB signaling pathways [21]. 

Similarly, in a cell model of 1-methyl-4-
phenylpyridinium (MPP+)-induced PD micro-glia 
inflammation, FA was found to inhibit the TLR4 
signaling pathway and reduce cell inflammation response 
[22]. These findings revealed that FA played a critical 
role in neuron protection. However, its role in the HIE 
model has not yet been explored.  

In the present study, we aimed to investigate the 
protective effects of FA in an HIE rat model, explore 
whether ferroptosis is involved in this pathological 
process, and evaluate the underlying mechanism in vivo.  

 
Materials and Methods 
 
Animals 

A total of 100 healthy, male, specific pathogen-
free (SPF) grade postnatal day 7 Sprague Dawley (SD) 
rats with an average weight of 12-17 g were purchased 
from Wuhan Cloud-Clone Animal Co., Ltd, Wuhan, 
China (Certificate No: SCXK (E) 2018-0021). All 
animals were housed in a steel cage at 22-25 °C with  
a 12 h light/dark cycle and ad libitum access to food and 
water throughout the study. The animal study was legally 
approved by the Animal Care & Welfare Committee of 
Wuhan Cloud-Clone Technology Co., Ltd. 

 
Establishment of the HIE model 

As previously described, we used a modified 
Rice-Vannucci method to establish an HIE rat model 
[23]. Briefly, rats were anesthetized with isoflurane 
(induction concentration: 4 %, maintenance 
concentration: 2 %), the left common carotid artery was 
exposed and isolated from the vagus nerve, and double 
ligated with surgical silk. After the surgery, rats were 
placed in a 37 °C warming chamber for 60 min to 
recover. Subsequently, they were placed in a hypoxic 
chamber with 8 % oxygen balanced with nitrogen at 
37 °C for 2 h. After hypoxia, the rats were returned to rest 
and placed in their home cage. The common carotid 
artery was isolated and exposed without ligation or 
hypoxia administration in the sham group rats.  
 
Animal grouping and drug administration 

Farrerol was obtained from Shanghai Yuan Ye 
Bio-technology Co. Ltd. (Shanghai, China) and ML385 
(Nrf2 specific inhibitor) from MedChemExpress (MCE). 
The rats were randomly allocated to five groups: sham 
group (n=20), HIE group (n=20), HIE + FA (40 mg/kg) 
group (n=20), HIE + ML385 (30 mg/kg) group (n=20), 
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and HIE + FA + ML385 group (n=20). Except for the 
sham group, the HIE model was established according to 
the methods described above in all the other groups. Rats 
in the sham group were only isolated from the common 
carotid artery and without ligation or hypoxia 
administration. After modeling, the drug was 
administered intraperitoneally once a day for three 
consecutive days to the drug groups of rats. The same 
medium dose was intraperitoneally injected into the sham 
and HIE groups. 
 
Neurological severity score 

The neurological severity of rats was assessed 
using the Zea-Longa scoring system developed by Longa 
et al. [24]immediately after three days of intraperitoneal 
drug intervention. Specifically, the scores were: 0 points, 
no neurological deficit; 1 point, the tail was lifted and 
adduction (not able to fully extend) of the right forelimb 
was observed; 2 points, spontaneous circling to the right 
when walking; 3 points, the body was slanted to the right 
when walking; 4 points, not able to walk spontaneously 
along with possible loss of consciousness, with higher 
scores indicating more severe nerve injury. After 
neurological function assessment, animals in each group 
were sacrificed, and their whole brain tissues were 
harvested for subsequent experiments. 
 
Hematoxylin and eosin (HE) and Perls’ Blue Staining 

For HE staining at day 10, the rats in all groups 
(n=5) were deeply anesthetized, and their hearts were 
perfused with saline and 4 % polyformaldehyde. The 
brain tissues were rapidly removed, fixed in 4 % 
paraformaldehyde, dehydrated in gradient ethanol, 
embedded in paraffin, and cut into 4 μm-thick coronal 
sections. The sections were then fixed, rinsed, and stained 
with hematoxylin and eosin (Solarbio Science & 
Technology, Beijing, China). For Perls’ blue staining, the 
brain tissue sections were rinsed with phosphate-buffered 
saline (PBS) and stained with potassium ferrocyanide and 
nuclear fast red according to the manufacturer’s 
instructions (Solarbio Science & Technology, Beijing, 
China). The morphologic changes and iron distribution 
were observed under a Leica microscope (DM4B, 
Germany) for five randomly selected areas. 
 
Fe2+ ion content assay 

The rats in each group (n=5) were deeply 
anesthetized and perfused with saline solution. The scalp 
and skull were cut, fresh brain tissues were harvested, and 

the cerebral cortex tissue was separated for subsequent 
experiments. The Fe2+ ion content in the cerebral cortex 
was determined using the iron assay kit (Abcam, 
ab83366) according to the manufacturer’s instructions. 
Briefly, all groups of cerebral cortex samples (100 mg) 
were washed with cold PBS, homogenized with iron 
assay buffer on ice, the supernatant was collected, and the 
iron reducer was added. Consequently, the iron probe was 
added, mixed, and incubated for 1 h. The optical density 
was measured at 593 nm on a colorimetric microplate 
reader. 
 
Evaluation of infarct volume by 2,3,5-triphenyl-
tetrazolium chloride (TCC) staining 

The TCC staining kit (Sigma-Aldrich, USA) was 
used to estimate the infarct volume [25]. The rats from 
each group (n=5) were deeply anesthetized and perfused 
with saline solution. The fresh brain tissues were 
harvested and cut coronally into 2 mm thick sections. The 
sections were immersed in a 2 % TTC solution and 
incubated at 37 °C for 30 min. The brain slices were 
frequently turned to ensure uniform staining, followed by 
PBS washing and photographing. The infarction region 
was stained white, while the remaining regions were 
stained red. The stained brain slices were placed on  
a scale, and images were captured. This volume was then 
divided by the total brain volume to obtain the percentage 
of brain infarction for subsequent statistical analysis with 
Image J. Infarct percentage = (infarct volume/the whole 
brain volume) × 100 %.  
 
Measurement of brain water content 

Rats from each group (n=5) were sacrificed via 
decapitation and exsanguination. The cerebral 
hemispheres were separated, and the brain water content 
was determined using a weighing method. Fresh cerebral 
hemispheres tissues were harvested and weighed for the 
wet weight (WW). The tissues were then dried at 90 °C 
for 72 hours and weighed for the dry weight (DW). Based 
on the gravimetric differences, the brain water content 
was calculated as follows: Brain water content (%) = 
(WW-DW)/WW × 100 %.  
 
Reactive oxygen species (ROS) level assay 

To detect tissue ROS levels, 50 mg of fresh 
cerebral cortex tissue was accurately weighed and rinsed 
with PBS, followed by the addition of 1 mL of 
homogenate buffer A, according to the manufacturer’s 
instructions (Biolab, Beijing, China). The tissue was fully 
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homogenized using a homogenizer and centrifuged at 
10,000 g for 10 min at 4 °C. Subsequently, the 
supernatant was collected. 190 μl of the supernatant was 
taken and added with 10 μl probe. The mix was gently 
added to each well on a 96-well plate. The plate was 
incubated at 37 °C for 30 min in darkness, and the 
fluorescence intensity was detected using a fluorescent 
microplate reader (VICTOR Nivo, PerkinElmer, 
Lombard, USA) at an excitation wavelength of 485 nm 
and an emission wavelength of 610 nm. The ROS levels 
were expressed as a percentage of the control. 
 
Biochemical analysis 

Cerebral cortex tissues (100 mg) from all 
groups, as mentioned above, homogenate supernatant 
were acquired. The MDA, SOD, and GSH-Px levels in 
the supernatant were evaluated using commercial kits 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China) according to the manufacturer’s instructions [26]. 
The MDA, SOD, and GSH-Px content were determined 
using thiobarbituric acid (TBA), WST-1, and colorimetric 
methods, respectively. The maximum absorbance of the 
compound was measured at 532, 550, and 412 nm, 
respectively, with a microplate reader (VICTOR Nivo, 
PerkinElmer, Lombard, USA). 
 
Western blotting 

A 200 mg sample of cerebral cortex tissue from 
each group was collected and homogenized in ice cold. 
As previously described, total protein and nuclear protein 
were isolated using RIPA lysis buffer or nuclear and 
cytoplasmic protein extraction kit (Beyotime, China) 
[27]. The protein concentration was determined using the 
bicinchoninic acid assay (BCA, Beyotime, China). The 
developed bands were visualized by enhanced 
chemiluminescence (ECL) advanced kit, and gel imaging 
was performed using ChemiDoc Touch (Bio-Rad). 

 
Results 
 
FA reduces neurological brain deficits, brain water 
content, and infarct volume in HIE rats 

The neurological deficits were evaluated using 
the Zea-Longa scoring system to explore the function of 
FA in this HIE model. The HIE group exhibited 
significantly higher scores of neurological deficits than 
the sham group, while treatment with FA or ML385 
could significantly reduce or increase the neurological 
deficit scores compared with the HIE group, respectively. 

However, combination treatment with ML385 and FA in 
HIE model rats increased the neurological deficit scores 
compared to the HIE + FA group (Fig. 1A). Furthermore, 
the TTC staining assay was performed to evaluate the 
cerebral infarct volume of different treatments in all 
groups. We found that the cerebral infarct volume in the 
HIE group was significantly increased. However, FA 
treatment in HIE model rats significantly reduced the 
infarct volume compared to the HIE group, while the 
opposite result was observed in the ML385 group. 
Combination treatment with ML385 and FA in HIE 
model rats significantly increased the cerebral infarct 
volume compared to the HIE + FA group (Fig. 1 B and 
1C). Furthermore, the brain water content in all groups 
was evaluated. The results demonstrated that the brain 
water content in the HIE group was significantly 
increased compared to the sham group. However, 
treatment with FA or ML385 in HIE model rats 
significantly decreased or increased the brain water 
content compared to the HIE group, respectively. 
Combination treatment with ML385 and FA in HIE 
model rats significantly increased the brain water content 
compared to the HIE + FA group (Fig. 1D). These results 
indicate that FA has a protective function in HIE and can 
reduce neurological deficits, brain water content, and 
infarct volume. However, the combination treatment of 
ML385 and FA may have a negative effect on HIE. 

 
FA inhibits pathological brain injury and iron ion 
accumulation in HIE rats 

HE staining was performed to assess the 
structural and pathological changes in brain tissues of 
different treatment groups. In the sham group, the cell 
contour of cerebral cortex neurons was clear and normal, 
with distinct blue-stained nuclei in the center and 
cytoplasm without necrosis or degeneration. In the HIE 
group, neurons were lost, nuclei exhibited atrophy and 
pale pyknosis, and cytoplasm staining was uneven with 
damage. However, treatment with FA or ML385 
ameliorated or deteriorated the pathological changes 
compared to the HIE group. Combination treatment with 
ML385 and FA in HIE model rats significantly 
deteriorated the pathological changes compared to the 
HIE + FA group (Fig. 2A). Furthermore, the iron ion 
accumulation in the cerebral cortex tissues was detected 
using Perls’ staining, which is used to detect labile iron 
ion in biological tissues. The results showed that iron ion 
accumulation was significantly higher in the cerebral 
cortex of the HIE group compared to the sham group. 
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Fig. 1. FA attenuated HIE-induced neurological deficit scoring and cerebral infarction. (A) Zea-Longa scoring system was used to 
quantitative analysis the neurological behaviors of the rats. (B) TTC staining of representative images of coronal brain slices. White and 
red indicate infarct and normal tissues, respectively. (C) Quantitative evaluation of the brain infarct volume. (D) Quantitative analysis 
brain water content in all groups after HIE. Data were shown as the means ± SEM, *p<0.05, ***p<0.001 vs. the Sham group; 
#p<0.05, ###p<0.001 vs. the HIE group; &p<0.05, &&&p<0.001 vs. the HIE+FA group. HIE: Hypoxic-ischemic encephalopathy; SEM: 
standard error of the mean; TTC: 2,3,5-triphenyltetrazolium chloride. 
 

 
Fig. 2. FA alleviates pathological damage and iron ion deposit in HIE brain tissue. (A) The representative HE stained neuron cell 
morphology and structure in the brain tissue (400×). (B) Representative images of Perls’ blue staining in different treatment group 
shown the iron ion accumulation (200×). 
 
 
Treatment with FA or ML385 in HIE model rats reduced 
or increased iron ion accumulation compared to the HIE 
group in the cerebral cortex, respectively. Combination 
treatment with ML385 and FA in HIE model rats 
increased iron ion accumulation in the cerebral cortex 
compared to the HIE + FA group (Fig. 2B). These 
findings were supported by measuring the content of  
Fe2+ ions in the cerebral cortex (Fig. 3A). Overall, these 
results indicate that FA could protect neuron function, 
reduce iron ion accumulation, and alleviate pathological 
injury in HIE rats. 

 
FA alleviates hypoxic-ischemic-induced oxidative 
damage in HIE rats 

Oxidative damage is a major factor in HIE. 

Spectrophotometer and colorimeter were used to evaluate 
the ROS, MDA, SOD, and GSH-Px levels in brain tissues 
of different treatment groups. The antioxidant indicators, 
both GSH-Px and SOD, were highly expressed in the 
sham group compared to the HIE group, while the 
oxidant indicator levels of ROS and MDA in the HIE 
group were significantly increased compared to the sham 
group (Fig. 3B-3E). Furthermore, treatment with FA or 
ML385 in HIE model rats increased or decreased the 
levels of GSH-Px and SOD, respectively, compared to 
the HIE group, while the levels of ROS and MDA 
showed opposite changes. Combination treatment with 
ML385 and FA in HIE model rats significantly decreased 
the expression of GSH-Px and SOD compared to the  
HIE + FA group. However, the MDA and ROS 
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expression levels in brain tissues showed opposite 
alteration compared to GSH-Px and SOD. 

 
FA inhibits hypoxic-ischemic-induced ferroptosis by 
activating the Nrf2 signaling pathway in HIE rats 

Nrf2 signaling pathways are important regulators 
implicated in ferroptosis. We explored the expression of 
related proteins using Western blot analysis. The results 
revealed that the ferroptosis inhibitor proteins, SLC7A11 
and GPX4, were significantly decreased in the HIE 
group, while the expression proteins of Nrf2 in the 
nucleus and HO-1 were significantly increased in 

response to stress compared to the sham group. However, 
FA treatment in HIE rats further elevated protein levels of 
Nrf2 in the nucleus and HO-1, and SLC7A11 and GPX4 
were also enhanced compared to the HIE group, while 
ML385 treatment showed the opposite alteration. 
Furthermore, the combination treatment with ML385 and 
FA in HIE model rats further decreased the protein 
expression of SLC7A11, GPX4, Nrf2, and HO-1 
compared to the HIE + FA group (Fig. 4A and 4F). 
Hence, these data suggested that FA could inhibit 
hypoxic-ischemic-induced ferroptosis by activating the 
Nrf2/HO-1 signaling pathway. 

 
Fig. 3. FA alleviates oxidative stress parameters in HIE brain tissue. The level of Fe2+content (A), GSH-Px (B), SOD (C), MDA (D), and 
ROS (E) in cerebral cortex tissue were detected all groups and quantitative analysis. Data were presented as the mean ± SEM. 
**p<0.01, ***p<0.001 vs. the Sham group; #p<0.05, ##p<0.01, ###p<0.001 vs. the HIE group; &p<0.05, &&p<0.01 vs. the HIE+FA 
group. HIE: Hypoxic-ischemic brain damage; SEM: standard error of the mean. 
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Fig. 4. FA alleviates HIE-induced ferroptosis by activating Nrf2 signaling pathway. (A-B) Representative western blotting of the protein 
expression levels of SLC7A11, GPX4, nuclear NFR-2 and HO-1 in cerebral cortex tissue. (C-F) Quantitative analysis of the protein 
expression of all groups. Data were presented as the mean ± SEM. ***p<0.001 vs. the Sham group; #p<0.05, ##p<0.01 vs. the HIE 
group; &&p<0.01 vs. the HIE+FA group. HIE: Hypoxic-ischemic encephalopathy; SEM: standard error of the mean. 

 
 

Discussion 
 
In this study, we demonstrated the 

neuroprotective effect of FA in HIE rats. Cerebral 
infarction and brain edema are key indicators to evaluate 
the status of HIE. The degree of cerebral infarction and 
brain edema not only shows the acute brain injury but 
also reveals the neurological recovery ability. In this 
study, we demonstrated that FA could reduce cerebra 
infarct volume, brain water content, and iron ion 
accumulation in HIE rats, protecting neurons from 
damage, inhibiting the oxidative stress, increasing the 
expression of GSH-Px and SOD, and reducing the levels 
of MDA and ROS in brain tissues. Our findings also 
suggest that ferroptosis plays a role in promoting the 
progression of HIE. At the molecular level, FA’s 
potential mechanism of action in protecting neurons from 
oxidative stress might be through activating the Nrf2 
signaling pathway and promoting the upregulation of 
anti-ferroptosis markers SLC7A11 and GPX4.  

FA is a traditional Chinese herbal medicine that 
has been reported to have a wide range of 
pharmacological effects, including anti-inflammatory, 
antioxidant, antitumor, and antimicrobial properties [16]. 
Oxidative stress participates in the pathogenesis of 
various diseases, including HIE. It disturbs the balance 
between the antioxidant defense system and results in 
excessive ROS production. Oxidative stress is considered 
the earliest pathological change after neonatal brain 
injury, making the brain vulnerable to oxidative damage. 
Several studies have found that oxidative stress could 
decrease the activity of several antioxidant enzymes, such 
as SOD and GSH-Px, which are critical factors involved 
in neuronal cell death in HIE [6, 28, 29]. SOD and  
GSH-Px are major antioxidant enzymes that protect cells 
from oxygen-free radical-induced injury and scavenge 
superoxide anions [30]. MDA is the end product of lipid 
peroxidation and a marker of oxidative stress. A previous 
study has demonstrated that FA is a novel Nrf2 activator 
that could improve cisplatin-induced nephrotoxicity by 
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activating Nrf2 [31]. In addition, a study has shown that 
FA protects against Aβ-induced oxidative stress through 
the Nrf2/Keap1 pathway in microglia cells [20]. 
Similarly, FA treatment could markedly reduce the 
generation of intracellular ROS and MDA, increase the 
concentration of GSH and SOD, activate Nrf2, and 
increase the expression of HO-1 in retinal pigment 
epithelium cells [20]. Consistent with these reports, our 
study found that FA treatment of HIE rats increased the 
concentration of GSH-Px and SOD, reduced the level of 
MDA, ROS, and lipid peroxidation in brain tissue, and 
activated the Nrf2/HO-1 signaling pathway. Moreover, 
cerebral edema can lead to increased intracranial 
pressure, and brain edema can result in cellular swelling 
with fluid accumulating within the cell. We confirmed in 
the present study that experimental HIE elevated brain 
water content significantly, while FA treatment could 
significantly reduce it. Hence, our study further supports 
the view that FA treatment could exert antioxidant 
function in protecting neurons from oxidative damage.  

The Nrf2/HO-1 signaling axis is a complex 
regulatory mechanism involved in oxidative stress 
diseases, exerting antioxidant effects in cellular oxidative 
stress processes [32]. In this study, we observed that the 
Nrf2/HO-1 signaling was activated in HIE, and FA 
treatment further enhanced this process. Additionally, the 
protective role of FA on the Nrf2/HO-1 signaling 
pathway was confirmed using a specific Nrf2 inhibitor 
(ML-385). Interestingly, the ferroptosis-relevant makers 
SLC7A11 and GPX4 were also found to be significantly 
down-regulated in HIE model rats, and FA treatment 
promoted the expression of these proteins. Previous 
studies have demonstrated that SLC7A11 and GPX4 are 
considered central regulators of ferroptosis, and changes 
in their levels are often involved in ferroptosis. The 
significant decrease in both SLC7A11 and GPX4 in HIE 
model rats suggests that ferroptosis occurred during the 
process of HIE. A recent study has revealed that FA 
could relieve collagenase-induced tendinopathy by 
inhibiting ferroptosis [33]. Therefore, our study provides 
further evidence that FA is involved in mediating 
ferroptosis. Furthermore, we noticed that ML-385 
treatment not only reduced the expression of Nrf2 and 
HO-1 but also significantly reduced the expression of 
SLC7A11 and GPX4. These results suggest that the 
Nrf2/HO-1 signaling pathway regulates the expression of 
SLC7A11 and GPX4, which mediate ferroptosis in HIE. 

These findings are consistent with previous reports 
indicating that activation of the Nrf2/HO-1 signaling 
pathway inhibits ferroptosis and increases the expression 
of ferroptosis-related proteins (SLC7A11 and GPX4)  
[34, 35]. Overall, our experimental results demonstrate 
that FA up-regulates the Nrf2/HO-1 signaling pathway 
and mediates ferroptosis, participating in the pathogenesis 
of HIE. 

However, this study has some limitations, which 
must be overcome in future studies to further understand 
the function of FA in protecting neurons in HIE. 
Specifically, we only performed in vivo experiments;  
in vitro cell experiments are necessary to confirm our 
findings. Furthermore, diverse approaches, such as RNA 
interference and lentivirus transfection, should be 
employed to intervene in the expression of Nrf2 to 
confirm that FA targets Nrf2. Moreover, we observed that 
the expression of both Nrf2 and HO-1 was significantly 
increased in the HIE group compared to the sham group, 
even though the major function of Nrf2 signaling is to 
resist oxidative stress. Furthermore, while our current 
study revealed that FA treatment with HIE rats could 
alleviate ferroptosis by influencing the expression of 
hallmark SLC7A11 and GPX4, the expression of acyl-
CoA synthetase long-chain family member 4 (ACSL4) as 
an essential component for ferroptosis execution was not 
detected. Moreover, the role of mitochondria in 
ferroptosis should be evaluated in all rat groups. 
Therefore, these limitations need to be addressed in 
subsequent research. Doing so may better demonstrate 
the role of FA treatment in HIE. 

This study demonstrated that FA exerts 
protective effects against HIE in an in vivo model rat. 
Oxidative stresses, cerebral infarction, brain edema, iron 
ion accumulation, and neuron cell damage were 
alleviated in FA-treated rats subject to HIE damage. The 
underlying molecular mechanism might be that FA 
ameliorates oxidative stress in HIE via the Nrf2/HO-
1/SLC7A11/GPX4 pathway. Overall, this study is the 
first to provide direct evidence for the potential of FA to 
exert neuroprotective effects by inhibiting neuron 
ferroptosis, making it a promising therapeutic agent in 
HIE. 
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