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Background: Levosimendan (Levo) is a drug commonly used to treat heart failure. Recent studies have suggested that Levo may
have neuroprotective effects, but it is still unknown how exactly it contributes to hypoxia-induced brain damage. Thus, the aim of
this study was to investigate how Levo affects hypoxia-induced brain damage and to clarify any possible underlying mechanisms.
Methods: One group of rats (Levo group) was pretreated with Levo via oral force-feeding for four weeks. Another group
(Ferrostatin-1 (Fer-1) group) was pretreated with intraperitoneal injections of Fer-1 for four weeks. A rat model of chronic
hypoxia was created by treating rats with 13% O- for 14 days in a closed hypoxia chamber. For each group (Control, Model,
Levo, Fer-1), we evaluated learning and memory capacity and the morphology and structure of neurons in the rats’ brain tissue.
Other measurements included tumor necrosis factor-alpha (TNF-«), interleukin-1 beta (IL-153), and interleukin-6 (IL-6); mal-
ondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px); Fe>*; apoptosis; cleaved caspase-3,
caspase-3; phosphatase and tensin homolog (PTEN), protein kinase B (Akt), phosphorylated Akt (p-Akt); and ferroptosis-related
proteins Nuclear factor erythroid 2-related factor 2 (Nrf2), glutathione peroxidase 4 (GPX4), and solute carrier family 7 member
11 (SLC7A11).

Results: The Model group rats had considerably fewer neurons than the Control group, with loosely arranged cells, and markedly
impaired learning and memory abilities (p < 0.05). Oxidative damage and inflammation in brain tissues of the Model group
were significantly intensified, accompanied by a substantial increase in neuronal apoptosis (p < 0.05). PTEN protein, Fe’"
concentration, and cleaved caspase-3 expression were all significantly upregulated, whereas p-Akt, Nrf2, GPX4, and SLC7A11
proteins were dramatically downregulated (p < 0.05). Both the Levo and Fer-1 groups demonstrated significantly more neurons
and closely arranged cells than the Model group, along with a notable improvement in learning and memory abilities (p < 0.05).
Oxidative damage and inflammation in brain tissues of the Levo and Fer-1 groups were markedly alleviated, and neuronal
apoptosis was suppressed (p < 0.05). p-Akt, Nrf2, GPX4, and SLC7A11 proteins were dramatically upregulated, whereas the
expression of cleaved caspase-3, PTEN protein, and Fe>" content was considerably downregulated (p < 0.05).

Conclusions: Levo effectively mitigates brain injury in rats with chronic hypoxia, likely by regulating ferroptosis via the
PTEN/AKkt signaling pathway.
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Introduction or memory impairment in situations of environmental hy-
poxia, such as exposure to high altitudes. This suggests that
Chronic hypoxia is a state in which the body is ex-  environmental hypoxia may affect the normal functioning

posed to a low-oxygen environment for a prolonged period  of the central nervous system to some extent. With advanc-
of time or has an inadequate supply of oxygen as a result  ing age, there is a gradual decline in the brain’s capacity
of certain diseases. This state may trigger problems such as to utilize oxygen, contributing to the potential onset of di-
cognitive decline, anemia, and myocardial ischemia. The  verse neurological disorders, including neurodegenerative
mechanisms of chronic hypoxia involve various aspects of  diseases [2]. Clinically, hypoxia is a common initiator of
oxygen delivery, oxygen utilization, and tissue demand for  histopathological changes due to a variety of diseases, and
oxygen [1]. Chronic hypoxia is a fairly common physiolog-  an important contributor to neurological dysfunction. Brain
ical state in life, encompassing both environmental and tis- tissue is the most sensitive to hypoxia. Short periods of hy-
sue hypoxia. People may be at risk for permanent cognitive
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poxia can lead to severe neuronal dysfunction, whereas rel-
atively prolonged hypoxia may eventually lead to cell death
[3]. Sustained chronic hypoxia often leads to irreversible
brain damage, so it is important to develop new drugs to
ameliorate brain damage caused by hypoxia.

Ferroptosis, a novel cell death pathway associated
with abnormal cellular iron metabolism, has attracted the at-
tention of scientists in recent years. This type of cell demise
is correlated with disrupted intracellular iron levels and the
excessive buildup of iron ions. In ferroptosis, the excessive
accumulation of intracellular iron ions induces heightened
oxidative stress, initiating a sequence of pathological alter-
ations, including the disruption of cell membranes, compro-
mised mitochondrial function, and fragmentation of nuclear
DNA [4]. The specific effects of ferroptosis on cell mem-
brane disruption and oxidative stress make it a unique form
of cell death compared to other modes of death. Several
studies have suggested that hypoxic conditions may lead to
intracellular iron accumulation and participate to some ex-
tent in hypoxia-induced cellular damage. Iron may trigger
cell death by generating free radicals and oxidative stress
[5,6]. According to a recent study, N-acetyl serotonin can
prevent neuronal ferroptosis in the hippocampal regions fol-
lowing hypoxic brain injury, hence exerting neuroprotec-
tive effects [7]. These findings imply that ferroptosis is a
major factor in hypoxic brain damage.

Levosimendan (Levo) is an ascending calcium sen-
sitivity modulator with potent antioxidant and anti-
inflammatory activity. Frequently employed in heart failure
therapy, Levo is known for its ability to enhance heart con-
tractility and dilate blood vessels, thereby improving car-
diac pumping efficiency. Numerous preclinical and clin-
ical studies have demonstrated the pleiotropic effects of
Levo on various organs [8]. One study showed that Levo
could exert a protective effect against endothelial cell death
by attenuating inflammatory and oxidative stress pathways
[9]. Several studies in recent years have also shown that
Levo has neuroprotective effects. Levo is a medication
with the ability to easily traverse the blood—brain barrier,
exerting central effects. It has demonstrated an enhance-
ment in cerebral blood flow and neuroprotective proper-
ties [10]. Protein kinase B (Akt) acts as a pivotal sig-
naling hub governing cell growth, proliferation, and sur-
vival [11]. Upstream phosphatase and tensin homolog
(PTEN), which reduce Akt phosphorylation and obstruct
downstream signaling processes under Akt regulation, af-
fect Akt activation [12]. A previous study documented
the alleviating effects of Levo on doxorubicin-induced my-
ocardial injury and the enhancement of cardiac function.
These protective actions were attributed to the modula-
tion of the PTEN/Akt signaling pathway, resulting in a
reduction in apoptosis [13]. Additionally, another study
suggested that Levo treatment could counteract diabetes-
induced impairments in learning and memory by prevent-
ing changes in the antioxidant system within the hippocam-

pus [14]. Furthermore, an additional study indicated that
Levo improved both short- and long-term memory by rein-
forcing antioxidant defense mechanisms in the hippocam-
pus [15]. A recent study demonstrated that Levo was able
to reverse mitochondrial dysfunction, reduce reactive oxy-
gen species (ROS) levels, and inhibit ferroptosis in the my-
ocardial tissues in heart failure with preserved ejection frac-
tion (HFpEF) mice, as evidenced by a reduction in intra-
cellular levels of ferrous ions, malondialdehyde (MDA),
and 4-Hydroxynonenal (4-HNE), as well as an increase in
the expression of glutathione peroxidase 4 (GPX4), Cys-
tine/glutamate transporter (xCT), and Fibroblast-specific
protein 1 (FSP-1) [16]. Based on this, in the present exper-
iment, we took chronic hypoxia model rats as the research
object, and explored the mechanism of Levo in improving
hypoxic brain injury by observing the behavioral as well as
histopathological changes in rats and detecting the levels of
inflammatory factors, oxidative indexes, as well as the Fe2t
content and ferroptosis-related protein expression, to pro-
vide an experimental basis for Levo in clinical treatment.

Materials and Methods

Reagents and Instruments

Reagents: Levosimendan (L5545, Merck, Shang-
hai, China); RIPA lysing solution, Nissl staining solu-
tion (PO013B, C0117, Beyotime, Shanghai, China); hema-
toxylin and eosin (H&E) staining kit, Bicinchoninic Acid
(BCA) Protein Assay kit (C0105S, P0012S, Beyotime,
Shanghai, China); Fe?™ content detection kit (BC5415, So-
larbio, Beijing, China); TdT-mediated dUTP-biotin nick
end labeling (TUNEL) kit (C1091, Beyotime, Shanghai,
China); interleukin-6 (IL-6), tumor necrosis factor-alpha
(TNF-«) Enzyme linked immunosorbent assay (ELISA)
kit (SEKR-0005, SEKR-0009, Solarbio, Beijing, China);
interleukin-1 beta (IL-15) ELISA kit (PI303, Beyotime,
Shanghai, China); malondialdehyde (MDA), superox-
ide dismutase (SOD) and glutathione peroxidase (GSH-
Px) ELISA kit (ml077384, ml059387, ml000618, mlbio,
Shanghai, China).

Instruments and equipment: Enzyme Labeling In-
strument (A51119700DPC, Thermo Fisher, Waltham, MA,
USA); Electrophoresis Instrument (PSC120M, Thermo
Fisher, Waltham, MA, USA); Optical microscope (HS-
CX40M, hongshengl7, Guangdong, China); Chemilumi-
nescence Instrument (2805621, Thermo Fisher, Waltham,
MA, USA); Thermo Centrifuge (46962, Thermo Fisher,
Waltham, MA, USA); Thermo Slicer (149AUTOO00CI, le-
icabiosystems, Shanghai, China).

Animal Grouping and Drug Administration

All experimental procedures were approved by the
Animal Ethics Committee of the Affiliated Wuxi Peo-
ple’s Hospital of Nanjing Medical University (WY 767359).
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Twelve 3-month-old male SD rats with a body mass of
180-200 g were obtained from Hunan Slake Jinda Lab-
oratory Animal Co. (hnslkjd001, hnsja, Hunan, China).
The rats were randomly divided into Control, Model, Levo,
and Ferrostatin-1 (Fer-1, an inhibitor of ferroptosis) groups,
with five rats in each group, according to the SPSS ran-
dom number generation method. Rats in the Fer-1 group
received intraperitoneal injections of Fer-1 (HY-100579,
MedChemExpress, South Plainfield, NJ, USA, 2 mg/kg)
or an equivalent volume of saline once daily for 4 weeks
[17]. Concurrently, rats in the Levo group received Levo (1
mg/kg) or an equivalent volume of saline administered once
daily via oral force-feeding over the same 4-week period.
The solubility and stability of Levo was confirmed prior to
the study. Levo doses were selected based on pharmacoki-
netic and pharmacodynamic data described by Louhelainen
et al. (2007) [18].

Hypoxia Treatment

The chronic hypoxia rat model was constructed by
referring to the methods previously reported in the liter-
ature [2]. After the final administration, normal control
rats were housed in the animal experimental facility, while
the remaining rats in each group underwent hypoxia treat-
ment in a closed hypoxia chamber (China Innovative In-
struments Co., Ltd., Ningbo, Zhejiang, China) with the pre-
cisely desired hypoxia concentration and pattern. For the
chronic hypoxia regimen, rats received continuous treat-
ment with 13% O for a period of 14 days. Every three
days, the hypoxic chamber was briefly opened for the ad-
dition of food and water. Behavioral tests were conducted
at the conclusion of the experimental period. Subsequently,
rats were given an intraperitoneal injection of pentobarbi-
tal (150 mg/kg) and euthanized by cervical dislocation, and
their brain tissues were rapidly dissected on ice and stored
at—80 °C.

Behavioral Experiments
Novel Object Recognition Test (NOR)

The left and right edges of a square open field were
occupied by two identical objects, designated Al and A2.
The mouse was positioned equally between the two objects,
and during the course of the following five minutes, the ex-
ploration times (TA1, TA2) for each object were noted. An
hour later, a new object, B, took the place of A2; and over
the course of the next five minutes, the exploration times of
both objects were noted. After twenty-four hours, object B
was replaced with a brand-new, completely unrelated object
called C, and the process was repeated.

Morris Water Maze (MWM)

At the end of drug administration, the MWM, which
involves assessment of localization, navigation, and spatial
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exploration, was conducted. The number of instances when
rats crossed the platform, along with their swimming trajec-
tory and the time spent in different quadrants, was recorded
in 60 s to assess the rats’ capacity for memory and learning.

Hematoxylin and Eosin Staining (H&E Staining)

The rat brain tissue samples were dewaxed and hy-
drated, then the samples were immersed in hematoxylin for
5 min, and the residual liquid was rinsed off with tap wa-
ter. The samples were then differentiated by hydrochloric
acid and alcohol for 30 s. Next, the samples were treated
with eosin for 30 s, and the residual liquid was rinsed off
with tap water, and then the specimens were dried naturally
and sealed with neutral gum, and the stained specimens
were stored at room temperature and photographed under
the light microscope (HS-CX40M, hongshengl7, Guang-
dong, China) for observation.

Nissl Staining

Brain tissues were removed for paraffin embedding
and sectioning, and the sections were deparaffinized to wa-
ter using xylene and gradient ethanol, rinsed in distilled
water, and stained with Nissl staining solution for 10 min,
dehydrated and clarified again using gradient ethanol and
xylene, and sealed with neutral gum. The sections were
observed under a microscope (HS-CX40M, hongshengl7,
Guangdong, China).

TUNEL Staining

The fixed brain tissues underwent cryosectioning, and
the resulting sections were sequentially immersed in xy-
lene, anhydrous ethanol, and ethanol with varying concen-
tration gradients for 5 min each, followed by three washes
with PBS. Subsequently, 50 pL of proteinase K solution
(ST533-1mL, Beyotime, Shanghai, China) was added, and
the sections were incubated at 37 °C for 30 min, followed
by three PBS rinses. Then, 50 puL of trisodium citrate was
added dropwise, and the sections were incubated at room
temperature for 4 min, followed by three PBS rinses. Stain-
ing was performed following the TUNEL kit’s (C1091, Be-
yotime, Shanghai, China) staining steps: the sections were
dropwise exposed to 50 uLL. of TUNEL reaction solution and
incubated at 37 °C in the dark for 60 min, followed by three
PBS rinses. Next, a peroxidase (POD) conversion solution
was added, and the sections were incubated at 37 °C for an
additional 30 min. After three PBS rinses, color develop-
ment was achieved using a diaminobenzidine (DAB) col-
oring kit (P0202, Beyotime, Shanghai, China), followed by
three PBS rinses. The sections were placed in hematoxylin
solution for 60 s, the excess staining solution was rinsed out
with running water, and then they were immersed in a 1%
hydrochloric acid-alcohol solution for differentiation. Fol-
lowing differentiation, the sections were rinsed with run-
ning water once more before sealing the film. At the end of
the process, the slices were observed and photographed us-
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Fig. 1. Effect of Levosimendan (Levo) on chronic hypoxia-induced behavior in rats. (A) The Novel Object Recognition Test. (B-E)

Morris water maze. (B,D) Number of platform crossings. (C,E) Platform latency. *p < 0.05 vs Control, #p < 0.05 vs Model. n = 5.

Fer-1, Ferrostatin-1.

ing a CKX53 inverted fluorescence microscope (BX60MF-
3M2000F, Olympus, Tokyo, Japan). Statistical analysis
was performed using ImageJ (V1.8.0.112, NIH, Madison,
WI, USA) image processing software for statistical analy-
sis.

Detection of Fe?T Content

Brain tissue homogenate was utilized for the addition
of the Fe?* detection reagent, following the specific proce-
dures outlined in the Fe?T content detection kit’s (BC5415,
Solarbio, Beijing, China) instructions. Subsequently, the
absorbance values were measured at 550 nm using an en-
zyme labeling instrument, and the Fe?* content was mea-
sured from a standard curve.

Western Blotting (WB)

The appropriate amount of total protein extracted from
hippocampal tissue was taken for determination, and dena-
tured using 2 x Loading Buffer; 25 ug of total protein sam-
pled in each well underwent SDS-PAGE electrophoresis,
and was subsequently transferred to the PVDF membrane
(FFP36, Beyotime, Shanghai, China); closed and placed
with adding primary antibody in 4 °C for overnight incuba-
tion. The next day, the membrane was washed and the sec-
ondary antibodies horseradish peroxidase (HRP)-labeled
Goat Anti-Rabbit IgG(H+L) (A0208, 1:1000, Beyotime,
Shanghai, China) were applied, another round of PBS rins-
ing ensued, and then enhanced chemiluminescence (ECL)
luminescent liquid (PO018AS, Beyotime, Shanghai, China)
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Fig. 2. Effect of Levo on the histopathological morphology of rat brain tissue induced by chronic hypoxia. (A) H&E staining
(100x, 400 pm; 400x, 100 pm). (B) Nissl staining (100x, 400 pm; 400x, 100 pum). n = 5. H&E, hematoxylin and eosin; Fer-1,

Ferrostatin-1.

was added dropwise for development. The ImagelJ software
(V1.8.0.112, NIH, Madison, WI, USA) was used to ana-
lyze the grayscale values statistically. The primary antibod-
ies used in the experiments were as follows: anti-caspase-
3 antibody (A25309, 1:1000, ABclonal, Wuhan, China),
anti-cleaved caspase-3 antibody (ab32042, 1:1000, abcam,
Shanghai, China), anti-Nuclear factor erythroid 2-related
factor 2 (Nrf2) antibody (ab62352, 1:1000, abcam, Shang-
hai, China), anti-glutathione peroxidase 4 (GPX4) antibody
(ab125066, 1:1000, abcam, Shanghai, China), anti-solute
carrier family 7 member 11 (SLC7A11) antibody (A2413,
1:1000, ABclonal, Wuhan, China), anti-phosphatase and
tensin homolog (PTEN) antibody (A11193, 1:1000, AB-
clonal, Wuhan, China), anti-phosphorylated Akt (p-Akt)
antibody (AP1208, 1:1000, ABclonal, Wuhan, China), anti-
Akt antibody (ab38449, 1:1000, abcam, Shanghai, China),
anti-GAPDH antibody (ab59164, 1:1000, abcam, Shang-
hai, China).

Enzyme Linked Immunosorbent Assay (ELISA)

Mouse brain tissue was collected and 10% brain tissue
homogenate was prepared by adding PBS (9 mL of PBS

to 1 g of tissue sample) according to the mass of the tis-
sue taken. The ELISA kit (IL-6, SEKR-0005, Solarbio,
Beijing, China; TNF-«, SEKR-0009, Solarbio, Beijing,
China; IL-15, PI303, Beyotime, Shanghai, China; MDA,
ml077384, mlbio, Shanghai, China; SOD, ml059387, ml-
bio, Shanghai, China; GSH-Px, ml000618, mlbio, Shang-
hai, China) procedure for IL-6, IL-13, TNF-«, MDA, SOD,
and GSH-Px was followed.

Statistical Analysis

Independent sample T test or one-way analysis of vari-
ance was performed using GraphPad Prism 9 (Dotmatics,
Boston, MA, USA) for sample data. For data with signifi-
cant differences, the sequential Bonferroni test was used for
post hoc comparison. Data are expressed as mean =+ stan-
dard deviation, and statistical significance was set at p <
0.05.
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Fig. 3. Effect of Levo on chronic hypoxia-induced apoptosis in rat brain cells. (A) Western Blotting (WB) assay for apoptosis-related
protein expression. (B) TdT-mediated dUTP-biotin nick end labeling (TUNEL) staining to detect apoptosis (200, 50 pm). *p < 0.05

vs Control, #p < 0.05 vs Model. n=5.

Results

Effect of Levo on Chronic Hypoxia-Induced Rats’
Behavior

Compared to the Control group, the Model group rats
showed a markedly lower recognition index (Fig. 1A, p <
0.05), increased platform latency and total swimming dis-
tance, and a decreased number of platform crossings and
time spent in the target quadrant (Fig. IB-E, p < 0.05).
When compared to the Model group, Levo and Fer-1 pre-
treatment reversed these outcomes effectively (Fig. 1, p <
0.05). This suggests that Levo may improve the impaired
learning and memory abilities induced by chronic hypoxia,
possibly through the inhibition of ferroptosis.

Effect of Levo on Chronic Hypoxia-Induced
Histopathological Changes in Rat Brain Tissue

According to the results of H&E staining and Nissl
staining, the neuronal cells in the Control group had a clear
structure, normal morphology, and compact cell arrange-
ment, while rats in the Model group showed a significant
reduction in the number of neuronal cells, and the arrange-
ment of cells was sparse. Rats in the Levo and Fer-1 groups,
when compared to the Model group, displayed an increased
number of neuronal cells and a more compact cell arrange-

ment, as shown in Fig. 2. This suggests that Levo may ame-
liorate chronic hypoxia-induced brain tissue injury in rats
by inhibiting ferroptosis.

Effect of Levo on Chronic Hypoxia-Induced
Neuronal Cell Apoptosis in Rats

The apoptosis and cleaved caspase-3 protein expres-
sion level of rat neuronal cells in the Model group were sig-
nificantly higher compared to the Control group (Fig. 3, p <
0.05). Conversely, in comparison to the Model group, neu-
ronal cells of both the Levo and Fer-1 groups demonstrated
a significant decrease in apoptosis and cleaved caspase-3
protein expression level (Fig. 3, p < 0.05). This suggests
that Levo inhibits apoptosis in brain cells caused by chronic
hypoxia.

Effect of Levo on Oxidative Stress and Inflammatory
Cytokines in Rats Induced by Chronic Hypoxia

In comparison to the Control group, the Model group
exhibited significantly reduced levels of GSH-Px and SOD
in the brain tissues of rats, along with significantly in-
creased levels of MDA, TNF-a, IL-13, and IL-6 (Fig. 4,
p < 0.05). Conversely, Levo and Fer-1 pretreatment ef-
fectively reversed these alterations when compared to the
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Fig. 4. Effects of Levo on chronic hypoxia-induced oxidative stress and inflammatory cytokines in rats. (A—C) Levels of oxidative

indicators detected by Enzyme linked immunosorbent assay (ELISA). (D-F) Levels of inflammatory factors detected by ELISA. *p <
0.05 vs Control, #p < 0.05 vs Model. n = 5. GSH-Px, glutathione peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde;
IL-6, interleukin-6; IL-18, interleukin-1 beta; TNF-c, tumor necrosis factor-alpha.

Model group (Fig. 4, p < 0.05). This suggests that Levo
may inhibit oxidative damage and inflammatory response
caused by chronic hypoxia by inhibiting ferroptosis.

Effect of Levo on Fe*t Content and
Ferroptosis-Related Protein Expression in Rats
Induced by Chronic Hypoxia

In comparison to the Control group, the Model group
exhibited considerably higher Fe?* content in the brain tis-
sue, along with significantly lower levels of ferroptosis-
related proteins Nrf2, GPX4, and SLC7A11 (Fig. 5, p <
0.05). Conversely, Levo and Fer-1 pretreatment effectively
reversed these alterations when compared to the Model
group (Fig. 5, p < 0.05). This implies that Levo can inhibit
ferroptosis caused by chronic hypoxia.

Effect of Levo on the Expression of PTEN/Akt
Pathway-Related Proteins in Rats Induced by
Chronic Hypoxia

In contrast to the Control group, the Model group ex-
hibited a significant increase in PTEN level and a signifi-
cant decrease in the p-Akt/Akt level in the brain tissue of

rats (Fig. 6, p < 0.05). However, Levo and Fer-1 pretreat-
ment effectively reversed these changes when compared to
the Model group (Fig. 6, p < 0.05). This indicates that Levo
may inhibit ferroptosis in rats with chronic hypoxia through
modulation of the PTEN/Akt pathway.

Discussion

The intracellular milieu of the mammalian brain is
highly susceptible to perturbations resulting from external
alterations or trauma, and hypoxia in particular can trigger
neuronal death within minutes, leading to severe impair-
ment of brain function. Impairment of neuronal function
may have serious adverse consequences for the organism.
A variety of diseases, such as stroke, cardiovascular sys-
tem dysfunction, respiratory diseases, and hematologic dis-
eases, may cause chronic hypoxia, which in turn exacer-
bates brain damage [19]. One study has highlighted the cor-
relation between chronic hypoxia and cognitive dysfunction
[20]. Our findings indicate that in comparison to the Con-
trol group, rats in the Model group exhibited a considerable
decline in learning and memory abilities. Histopathological
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Fig. 6. Effect of Levo on the PTEN/Akt pathway-related protein expression in chronic hypoxia-induced rats. *p < 0.05 vs Control,
#p < 0.05 vs Model. n=5. PTEN, phosphatase and tensin homolog; Akt, protein kinase B; p-Akt, phosphorylated Akt.

observations revealed a reduction in the number of neuronal
cells and sparse cell arrangement in rats from the Model
group compared to the Control group. This suggests that we
have successfully constructed a model of sustained chronic
hypoxia. Another study reported that Levo may exert neu-
roprotective effects by reducing necrosis in traumatic brain
injury [10]. Our experimental results showed that Levo was
able to ameliorate hypoxia-induced decline in learning and
memory abilities and brain tissue damage. This implies that
Levo may exert neuroprotective effects by inhibiting fer-
roptosis.

Hypoxia-induced cellular damage can activate the im-
mune system and create an inflammatory response. The
secreted inflammatory mediators may cause further dam-
age to the surrounding cells. In addition, persistent hypoxic
conditions may induce excessive apoptosis, thereby exac-
erbating brain damage [21]. It has been shown that acti-
vated Akt may exert its anti-apoptotic effects by regulat-
ing caspase-3 [22]. Caspase-3 serves as a crucial effec-
tor in apoptosis, existing in a precursor form under normal
conditions and becoming activated during the process of
apoptosis. Levo, beyond its cardiac-enhancing effects, en-
compasses various cardiovascular benefits, including anti-
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inflammatory and anti-apoptotic properties. Research indi-
cates that Levo preconditioning provides protection against
ischemia-reperfusion-induced cardiac dysfunction by slow-
ing myocardial apoptosis, and this protective mechanism
is associated with its regulation of the PTEN/Akt signaling
pathway [23]. Additionally, studies suggest that Levo re-
duces mortality post-cardiac arrest and cardiopulmonary re-
suscitation, as well as mitigates acute kidney injury by sup-
pressing inflammation and apoptosis while activating the
ERK signaling pathway [24,25]. In chronic hypoxic rats,
the current study demonstrated that both Levo and Fer-1
pretreatment markedly decreased the rate of neuronal apop-
tosis, levels of cleaved caspase-3 protein expression, and
inflammatory factor levels. This suggests that Levo may
ameliorate apoptosis and inflammatory responses caused by
chronic hypoxia by inhibiting ferroptosis.

Cellular ferroptosis is intricately associated with the
disruption of intracellular iron ion metabolism and oxida-
tive damage. When cellular ferroptosis occurs, Fe?t ac-
cumulates in the cell, and due to its strong oxidative prop-
erties, Fe? can react with intracellular HyO,, causing a
large number of hydroxyl radicals to be generated, which
promotes the occurrence of lipid peroxidation and damages
cellular membranes [26]. One of the main natural defense
systems of the body against oxidative stress and neuroin-
flammation is Nrf2-mediated signaling, which also plays a
vital part in oxidative stress [27]. Nrf2 is regulated by Akt,
which is an important transcription factor for maintaining
cellular redox homeostasis. GPX4 is a key protein regulat-
ing cellular ferroptosis, and its reduced expression disrupts
intracellular oxidative homeostasis and induces the onset of
lipid peroxidation, thus promoting cellular ferroptosis [28].
Activation of the Akt-Nrf2 pathway can lead to elevated ex-
pression of downstream GPX4 and inhibit the occurrence
of cellular ferroptosis [29]. SLC7A11, a crucial compo-
nent of cystine/glutamate transporter proteins, plays a vital
role in regulating cellular lipid peroxidation and suppress-
ing iron accumulation [30]. A recent study revealed that hy-
poxia could induce neurodegeneration in neonatal animals
by elevating brain iron levels. Hypoxia affects neuronal
cell metabolism through GPX4 and SLC7A11, leading to
an excess of oxygen free radicals and reduced SOD activ-
ity. This cascade results in the generation of substantial
ROS from the lipid peroxidation of cell membrane polyun-
saturated fatty acids (PUFAs), ultimately triggering ferrop-
tosis [31]. Another study demonstrated that Levo could en-
hance cardiac function by activating connexin 43-mediated
mitochondrial protection and providing continuous inhibi-
tion of ferroptosis in cardiomyocytes within a mouse model
of metabolic syndrome [16]. The outcomes of our study re-
vealed that, in chronic hypoxic rats, both Levo and Fer-1
pretreatments significantly elevated GSH-Px and SOD lev-
els in brain tissues while reducing intracellular Fe>* content
and MDA levels. Moreover, Levo and Fer-1 pretreatments
decreased the expression level of PTEN protein while in-

1461

creasing the expression levels of p-Akt/Akt, GPX4, Nrf2,
and SLC7AL11 proteins. These findings suggest that Levo
can mitigate brain injury by inhibiting hypoxia-induced fer-
roptosis, potentially through regulation of the PTEN/Akt
pathway.

This study reveals the potential role of Levo in allevi-
ating chronic hypoxia-induced brain injury, but some lim-
itations still need to be considered. First, animal models
cannot fully mimic human physiology and pathology, so the
applicability of the findings in humans remains to be ver-
ified, and more clinical data are needed to confirm them.
Second, this study lacks an in-depth exploration of molec-
ular mechanisms and cellular pathways and fails to fully
analyze the mechanism of Levo’s action in brain injury. In
addition, this study only investigated the pretreatment effect
of Levo, and the assessment of long-term therapeutic effects
requires longer observation and evaluation. Future studies
need to validate these findings, explore the interactions be-
tween Levo and cellular pathways, and conduct longer-term
therapeutic observations to fully assess its potential value
in the treatment of brain injury. In summary, despite the
important findings of this study, there are still some lim-
itations that need to be overcome. Future studies should
continue to explore the therapeutic mechanisms of Levo in
depth, conduct more clinical trials to verify their feasibility
and effectiveness in clinical applications, and take appropri-
ate measures to minimize the limitations and provide better
treatment options for patients.

Conclusions

Levo was demonstrated to effectively mitigate brain
injury in rats exposed to chronic hypoxia, and its mech-
anism of action appears to be associated with the regula-
tion of ferroptosis through the PTEN/Akt signaling path-
way. This suggests that Levo may serve as a potential thera-
peutic intervention for diseases associated with chronic hy-
poxia. However, additional in-depth studies are necessary
to clarify its molecular mechanisms and determine clinical
feasibility.
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