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Abstract: Obstructive Sleep Apnea Syndrome (OSAS) is a prevalent sleep disorder characterized by recurrent upper airway 
obstruction, resulting in intermittent hypoxia, oxidative stress, and systemic inflammation. Ferroptosis, an iron-dependent form of 
regulated cell death triggered by lipid peroxidation, has recently been proposed as a potential contributor to the tissue injury observed 
in OSAS. OSAS appears to aggravate disturbances in iron homeostasis and oxidative imbalance, both of which may converge to 
exacerbate disease pathophysiology. However, the precise mechanisms linking ferroptosis to OSAS remain largely speculative. 
Emerging evidence from experimental studies indicates that ferroptosis-related genes and pathways might be involved in the 
cardiovascular, neurological, and renal complications associated with OSAS. This review summarizes current knowledge regarding 
oxidative stress and iron metabolism under intermittent hypoxia, explores the potential regulatory mechanisms of ferroptosis, and 
discusses its hypothesized contribution to OSAS-related organ injury. While targeting ferroptosis may represent a promising research 
direction, the current evidence remains preliminary and predominantly experimental. Further mechanistic and clinical investigations 
are essential to clarify whether ferroptosis plays a causal role in OSAS pathogenesis and to evaluate its translational relevance. 
Keywords: obstructive sleep apnea syndrome, ferroptosis, oxidative stress, iron metabolism, inflammation, cardiovascular disease, 
neurodegeneration

Introduction
Obstructive Sleep Apnea Syndrome (OSAS) is a well-known multifactorial condition characterized by intermittent obstruc
tion of the upper airway during sleep, leading to repeated episodes of hypoxemia, hypercapnia, and disrupted sleep patterns. 
Although OSAS is a significant concern due to its disruptive impact on sleep quality, an increasing number of studies 
emphasize its systemic effects, which contribute to the development of various comorbidities, including cardiovascular 
diseases, metabolic disorders, and neurocognitive impairments, among others.1–3 While substantial progress has been made in 
understanding the epidemiological relationships between OSAS and these associated conditions, the underlying pathobiolo
gical mechanisms remain poorly understood. Recent studies have highlighted ferroptosis, an iron-dependent form of regulated 
cell death driven by lipid peroxidation, as potentially playing a significant role in the pathophysiology of OSAS.

Ferroptosis, first described in 2012, has recently emerged as a crucial form of regulated cell death implicated in multiple 
pathological processes, including cancer, neurodegenerative diseases, and cardiovascular disorders.4 It is characterized by the 
accumulation of reactive oxygen species (ROS) and lipid peroxides, leading to oxidative injury and cell death in tissues 
exposed to elevated oxidative stress. Increasing evidence suggests that ferroptosis may contribute to the pathogenesis of 
obstructive sleep apnea syndrome (OSAS), particularly in organs subjected to intermittent hypoxia, such as the brain, heart, 
and kidneys.5–7 However, despite growing interest, current understanding of the role of ferroptosis in OSAS remains limited. 
Only a few studies have investigated the mechanisms through which ferroptosis influences disease progression or affects 
clinical outcomes. Although alterations in oxidative stress and iron metabolism, as well as ferroptosis-related biomarkers, have 
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been identified in OSAS patients,8–10 existing research remains fragmented and inconclusive. The exact mechanisms by which 
hypoxia in OSAS induces ferroptotic cell death are still unclear. Some studies propose that hypoxia directly triggers 
ferroptosis, whereas others suggest that ferroptosis arises secondary to chronic inflammation, metabolic imbalance, or cellular 
dysfunction. Moreover, the interactions among these mechanisms are poorly understood, and whether ferroptosis serves as 
a primary driver or a secondary consequence in the pathophysiology of OSAS remains an open question under active 
investigation.

Herein, this review aims to critically examine ferroptosis as a potential pathophysiological mechanism contributing to the 
development of obstructive sleep apnea syndrome (OSAS), an area that remains largely unexplored compared with its well- 
documented involvement in other diseases. By highlighting the intersection between ferroptosis and OSAS, we seek to 
provide new insights into potential therapeutic targets that may attenuate disease progression and improve patient outcomes. 
Our objective is to enrich the existing body of knowledge and establish a coherent framework to guide future investigations 
into the role of ferroptosis in the pathogenesis of OSAS, ultimately facilitating the development of novel treatment strategies. 
Through this review, we also aim to offer practical perspectives on how clinical interventions can be designed and optimized to 
advance the field and contribute to more effective management of this debilitating and prevalent disorder.

Literature Search Strategy
Our literature search systematically covered PubMed, Web of Science, and Embase from January 2012, when the concept 
of ferroptosis was first introduced, to March 2025. Search terms included ferroptosis, iron-dependent cell death, and lipid 
peroxidation in combination with obstructive sleep apnea, OSA, or intermittent hypoxia, restricted to peer-reviewed 
English-language publications. Both experimental and clinical studies investigating the role of ferroptosis in obstructive 
sleep apnea or its related comorbidities were eligible for inclusion. Two reviewers independently screened titles, 
abstracts, and full texts to determine eligibility, with discrepancies resolved through discussion and, when necessary, 
consultation with a third reviewer. Methodological quality and risk of bias were assessed using established criteria 
adapted from the PRISMA framework and the Newcastle–Ottawa Scale, ensuring consistency, reproducibility, and 
transparency across the synthesis.

Mechanisms of Ferroptosis
Ferroptosis is a programmed form of cell death, which utilizes the synthesis of lipid peroxides with accumulation level leading 
to lethality varying on the existence of iron. It has also been determined that this cell death is distinct to other cell death 
responses which include apoptosis, necrosis and autophagy, both with respect to the molecular facet of the triggering 
mechanism and execution. Recent research resulted into a clearer picture on the molecular mechanisms underlying ferroptosis 
that are primed by central roles of the iron metabolism, lipid peroxidation and antioxidants defenses systems.11–13 However, in 
the light of major progressions, the full mechanistic approach towards ferroptosis will not scale the challenge and numerous 
fronts of its regulation, interaction with other cascades associated with cell death, in addition to its role in various pathologies, 
will remain open. Cellular iron homeostasis disequilibrium is the earliest documented ferroptosis. Being a transition metal, 
iron takes a leading position in all of the numerous biological processes in addition to being very reactive that also facilitates 
the generation of reactive oxygen species (ROS) through the Fenton reaction. In ferroptosis, the accumulation of iron causes 
lipid peroxidation to become high, where a process in which unsaturated fatty acids in cellular membranes are oxidized thus 
obtaining toxic lipid peroxides becomes a possibility. These lipid peroxides result in cell death and membrane rupture, 
indicating that ferroptosis is executed. Iron plays the vital role of catalyzing the process of formation of these peroxides, and 
iron homeostasis is important as a regulatory junction in ferroptosis (Figure 1).

Iron Metabolism and Ferroptosis Regulation
Glutathione peroxidase 4 (GPX4) is widely recognized as a crucial regulator of ferroptosis, as it utilizes glutathione 
(GSH) as a cofactor to convert lipid hydroperoxides into non-toxic lipid alcohols. Experimental inhibition or depletion of 
GPX4 has been shown to promote ferroptotic-like cell death in various cell types, supporting its role in modulating lipid 
peroxidation and cellular susceptibility to oxidative injury.14–17 Recent studies have also identified other enzymes 
involved in lipid peroxidation processes—such as acyl-CoA synthetase long-chain family member 4 (ACSL4) and 
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lipoxygenases (LOXs)—which participate in generating lipid peroxides associated with ferroptotic mechanisms.18–20 In 
particular, ACSL4 facilitates the incorporation of polyunsaturated fatty acids (PUFAs) into phospholipids, including 
arachidonic and adrenic acids, making cellular membranes more prone to oxidative damage and ferroptosis-associated 
lipid peroxidation.21–23

Although the roles of iron and lipid peroxidation in ferroptosis have been extensively studied, recent evidence 
suggests that the regulation of ferroptosis may be more complex and closely associated with iron metabolism 
rather than being solely dependent on it. Ferroportin, the only known iron exporter, plays a central role in 
maintaining intracellular iron balance, and its activity has been reported to alleviate ferroptosis by limiting iron 
accumulation.24–26 Furthermore, the involvement of ferritin, an intracellular iron storage protein, has been linked 
to ferroptosis regulation through a process known as ferritinophagy—selective autophagy of ferritin that releases 
stored iron into the cytoplasm, thereby promoting the Fenton reaction and lipid peroxidation. Liu et al demon
strated that ferroptosis-like responses could be induced in epithelial (BEAS-2B) and macrophage (RAW264.7) 
cells through NCOA4-mediated ferritinophagy and ferroportin (FPN) inhibition, emphasizing the contribution of 
ferritin degradation and iron release to ferroptotic signaling.27 Moreover, a newly identified ferroptosis inhibitor, 
compound 9a, was shown to act on NCOA4 by disrupting the NCOA4–FTH1 interaction, thereby reducing 
ferroptosis (Fang et al). Collectively, these findings indicate that the regulation of ferroptotic cell death is closely 
associated with iron homeostasis and oxidative balance, although the specificity of common oxidative stress 
markers such as GPX4 and ferritin as definitive ferroptosis indicators remains limited and should be interpreted 
with caution.

Antioxidant Defense Mechanisms in Ferroptosis
Another important aspect of ferroptosis regulation involves the cellular antioxidant defense systems. Among these, the 
glutathione (GSH)-dependent pathway, particularly involving glutathione peroxidase 4 (GPX4), has been extensively 

Figure 1 Schematic representation of the mechanisms of ferroptosis. Ferroptosis is an iron-dependent form of regulated cell death driven by lipid peroxidation of cellular 
membranes. Iron is imported as Fe3+ via the transferrin receptor and reduced to Fe2+ in endosomes by the divalent metal transporter 1 (DMT1). Fe2+ can participate in the 
Fenton reaction, converting into Fe3+ and generating reactive oxygen species (ROS), which initiate lipid peroxidation. Lipoxygenases (LOXs) and ACSL4 further promote 
lipid peroxidation by incorporating polyunsaturated fatty acids (PUFAs) into phospholipids (PL), generating lipid hydroperoxides (LOOH). Glutathione peroxidase 4 (GPX4) 
is the primary cellular defense mechanism against lipid peroxidation, reducing lipid hydroperoxides to their non-toxic alcohol forms. In the presence of high extracellular 
glutamate, system xCT is inhibited, reducing cystine import and thereby glutathione (GSH) synthesis. This depletion of GSH impairs GPX4 function, exacerbating lipid 
peroxidation. Inhibitors such as erastin, sorafenib, and glutamate inhibit system xCT, while RSL3, ML162, and FIN56 inhibit GPX4, leading to the induction of ferroptosis.
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studied for its association with ferroptotic processes. GSH, a tripeptide composed of glutamate, cysteine, and glycine, 
functions as a major cellular antioxidant. Imbalance within this system—such as GSH depletion accompanied by 
insufficient GPX4 activity—has been correlated with increased lipid peroxidation and ferroptosis-related oxidative 
injury. The transport of cystine into cells via the cystine/glutamate antiporter system (xCT) is essential for GSH 
synthesis; inhibition of this system can reduce intracellular GSH levels and sensitize cells to ferroptotic damage. 
Conversely, pharmacological agents that promote xCT activity or enhance GSH biosynthesis have been shown to 
modulate ferroptosis sensitivity and may represent potential therapeutic strategies in diseases where ferroptosis con
tributes to pathology, including cancer. For instance, Zhang et al reported that targeting xCT and GSH biosynthesis 
pathways could influence ferroptosis and help overcome drug resistance in liver cancer treatment.28

Nevertheless, ongoing discussion continues regarding the relative importance of GSH depletion compared with the 
oxidation of other antioxidants, such as thioredoxin and vitamin E, in influencing ferroptosis susceptibility. Evidence 
suggests that GSH depletion alone may not be sufficient to induce ferroptosis, and additional antioxidant systems may 
also play complementary roles. The thioredoxin reductase (TrxR)–thioredoxin system has been implicated as a potential 
regulator of ferroptosis, with its inhibition shown to aggravate lipid peroxidation in specific cell models.29–31 Similarly, 
vitamin E has been observed to attenuate lipid peroxidation and ferroptosis-like responses, whereas its inhibition 
enhances oxidative injury.32–34 Collectively, these findings suggest that ferroptosis regulation depends on the interplay 
among multiple antioxidant systems, and therapeutic strategies targeting more than one antioxidant pathway may prove 
more effective in modulating ferroptosis-related cellular damage.

Ferroptosis and Other Cell Death Pathways
Ferroptosis is not a solo process as it is not independent of the mechanisms of controlled cell death that include their interaction 
with apoptosis, necroptosis and autophagy. The interaction between the two pathways is a complicated and situation-specific 
circumstance. This is because in other situations ferroptosis can also serve as a form of reserve process during the impairment 
of apoptosis as observed in certain cancerous cells that have developed resistance to the apoptotic signals.35–37 Conversely, the 
necroptosis pathway that is mediated by the receptor-interacting protein kinase (RIPK) family has been indicated to be 
engaged with ferroptosis under specific conditions, specifically during ischemia-reperfusion injury.38 Interestingly, it has been 
proposed in the literature that the prevention of necroptosis can increase ferroptosis, and this could be a viable therapeutic 
approach in diseases where one or the other of these has been appreciated.39 Nonetheless, the mechanisms participating in this 
crosstalk are yet to be very well comprehended and need exploration. Ferroptosis/autophagy interaction is also another 
valuable area of study. Also, the recent research indicated that autophagy might facilitate ferroptosis by breaking down ferritin 
via ferritinophagy hence releasing iron and promoting the accumulation of lipid peroxides.40,41 Nevertheless, alternative 
publications suggest that autophagy can be used as a protective mechanism against ferroptosis by removing cellular damage 
by removing organelles and avoiding the accumulation of iron in a toxic form.42 Such a two-ching role of autophagy in 
ferroptosis is a paradox that should be overcome in subsequent research.

Although there has been great progress in the realization of ferroptosis, there are still some missing links. To begin 
with, there are not yet any specific and reliable biomarkers of ferroptosis due to human diseases. Although animal models 
have given relevant results, there have been challenges when applying the results to the clinical practices. Second, the 
molecular pathways controlling the exact time and spatial localization of ferroptosis in the tissues and organs are not fully 
comprehended. A tissue specificity to ferroptosis sensitivity partiality in research would enable further therapeutic 
approaches. Third, a promising but insufficiently analyzed future venue is the possibly unlimited combination of 
ferroptosis modulation with an already known therapy into chemotherapy/immunotherapy. Ferroptotic inhibition has 
the benefit of activating tumor cells to chemotherapy, but ferroptosis in normal tissues will need a dedicated focus to 
prevent off-target cell toxicity. To sum up, the processes of ferroptosis are associated with a complex interaction of the 
metabolism of iron, lipid peroxidation, and the antioxidant defense. Although great advances have been achieved in 
determining the most relevant players and molecular pathways discussed, lots to be learned remains, including how it 
crosstalk with other types of cell death and its impact in the context of disease. The control of ferroptosis, at molecular 
and tissue scales, and establishment of reliable biomarkers and interventions to combat the disease is vital to convert all 
the capabilities of ferroptosis into a useable tool to treat diseases.

https://doi.org/10.2147/NSS.S549883                                                                                                                                                                                                                                                                                                                                                                                                                                                                  Nature and Science of Sleep 2025:17 3036

Zeng and Zhang                                                                                                                                                             

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Ferroptosis and OSAS
The concept of ferroptosis, where the absence of ions such as iron regulates cell death, was increasingly created by 
overindulgence of lipids peroxidation, and non-apoptotic cell death has become an important entity in an array of 
pathological settings. The recent literature has proposed an interesting connection between ferroptosis and Obstructive 
Sleep Apnea Syndrome (OSAS), the disease that includes episodes of intermittent hypoxia attacks, oxidative stress, and 
resultant cell dysfunction.7,8,43 Though a promising relationship, it remains unexplained with a number of unanswered 
questions, controversies and gaps in knowledge which are threatening to the establishment of specific, curative inter
ventions. The objectives of this section include synthesised major advances in the field of research, comparision of the 
correlation among various findings and critical assessment on the possibility of ferroptosis serving as a therapeutic mode 
of action in OSAS.

Mechanisms Linking Intermittent Hypoxia and Ferroptosis
The connection between OSAS and ferroptosis appears to be closely associated with the pathophysiological conse
quences of intermittent hypoxia (IH), particularly its effects on oxidative stress, sympathetic activation, inflammation, 
and metabolic dysregulation (Figure 2). IH-induced cycles of hypoxia and reoxygenation are known to trigger excessive 
production of reactive oxygen species (ROS), sympathetic overactivation, and systemic inflammatory responses, which 
together create a cellular environment favorable to ferroptotic injury. Elevated ROS levels disrupt antioxidant defenses, 
including glutathione peroxidase 4 (GPX4) activity and the cystine/glutamate antiporter system (xCT), thereby disturbing 
redox homeostasis and promoting lipid peroxidation and ferroptosis-related cellular damage.44 For instance, Cai et al 
demonstrated that IH exposure in HepG2 and LO2 cells led to significant accumulation of lipid peroxides,10 while rodent 
models of IH displayed increased lipid peroxidation, reflected by higher levels of malondialdehyde (MDA)—a marker of 
oxidative stress and lipid damage—under these conditions.7–9,45,46 These results collectively suggest that ferroptosis may 
act as a downstream amplifier of IH-driven oxidative injury, linking OSAS-related oxidative stress to broader patho
physiological processes such as vascular dysfunction, sympathetic excitation, and metabolic impairment.

However, the precise mechanisms underlying this interaction remain debated. Other studies have proposed that 
intermittent hypoxia–related cellular injury may also involve mitochondrial dysfunction, apoptosis, and glutathione 
(GSH) depletion rather than direct iron overload.47–56 For example, Wang et al hypothesized that ferroptosis-like cell 
death in OSAS could primarily result from GSH depletion rather than iron accumulation.56 These insights underscore the 

Figure 2 Mechanism of Ferroptosis in OSAS. Intermittent hypoxia (IH) induces oxidative stress, generating reactive oxygen species (ROS) that overwhelm cellular defenses. 
Iron dysregulation, through increased ferritinophagy and labile iron, triggers the Fenton reaction, producing hydroxyl radicals. These ROS, coupled with reduced GPX4 
activity and compromised antioxidant defense (eg, depleted glutathione), lead to lipid peroxidation. The accumulation of lipid peroxides, such as MDA and HNE, drives 
ferroptosis, contributing to cellular dysfunction in OSAS.
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multifactorial nature of OSAS pathophysiology and indicate that ferroptosis may intersect with established pathways— 
oxidative stress, inflammation, and metabolic dysregulation—to exacerbate tissue damage. Further studies are needed to 
delineate the precise molecular interplay and to clarify the conditions under which iron-dependent lipid peroxidation 
contributes to ferroptotic signaling within the broader OSAS framework.

Iron Homeostasis and Its Role in Ferroptosis in OSAS
The redistribution of iron has a central role in ferroptosis because iron serves as a catalyst in the Fenton reaction so as to 
produce highly reactive hydroxyl radicals. A number of trials have been conducted uncovering the influence of barrel 
iron mal-regulation in OSAS on how intermittent hypoxia (IH) might impact iron menu, transfer, and usage.57–60 Eg, it 
was found that the ferritinophagy, a pathway leading to mobilization of iron in the ferritin storage sites has increased in 
the cells exposed to intermittent hypox and has been described.61–63 This will lead to increased labile iron pool and may 
induce ferroptosis. Studies conducted by Christopher et al and Cheng et al showed that the OSAS patients had a higher 
ferritin levels, and it may be adapted that the accumulation of iron and the effect of OSAS against the cells may be 
connected.64,65

Nevertheless, it should be mentioned that although ferritin and other indicators of oxidative stress such as MDA are 
usually high in OSAS, they are not to be used fully across the board. High ferritin and MDA traces are not a specific 
predictors of ferroptosis, even their presence cannot be definitely taken as an indicator of ferroptosis. Indeed, the research 
studies have indicated discrepant findings on the relationship between ferritin concentrations and ferroptosis in OSAS. To 
illustrate, Thorarinsdottir et al discovered that there is no significant relationship between the level of ferritin and severity 
of OSAS.66 This leaves the possibility that other causes, including the redox changes or the initiation of other cell death 
mechanisms as a result of hypoxia may also have a major role. Therefore, iron dysregulation is probably a contributor in 
OSAS, but more studies are required to understand why these biomarkers reflect ferroptotic mitosis and not the oxidative 
stress directly.

GPX4 and Antioxidant Defense in OSAS
Glutathione peroxidase 4 (GPX4) is an important antioxidant enzyme that plays a critical role in neutralizing lipid 
peroxides and maintaining redox homeostasis. Its activity helps regulate oxidative stress and has been linked to 
ferroptosis, an iron-dependent form of regulated cell death. In OSAS, where oxidative stress is markedly elevated, 
a reduction in GPX4 activity may increase cellular vulnerability to oxidative injury and ferroptosis-related processes. 
Intermittent hypoxia and subsequent reoxygenation cycles are the primary drivers of oxidative stress in OSAS, promoting 
excessive generation of reactive oxygen species (ROS). Several studies have suggested that under hypoxic conditions, the 
expression of GPX4 in different tissues may be downregulated, accompanied by elevated lipid peroxidation, thereby 
contributing to cellular oxidative damage potentially associated with ferroptosis.67–71 Liu et al further reported that 
plasma GPX4 levels in patients with OSAS were significantly lower than those in healthy controls, which correlated with 
increased markers of oxidative injury.72 Although these findings imply that dysregulation of GPX4 could play a role in 
OSAS-related oxidative damage, it should be emphasized that GPX4 activity—similar to ferritin and malondialdehyde 
(MDA)—serves as a general indicator of oxidative stress rather than a specific biomarker of ferroptosis.

Other antioxidant defense systems, including superoxide dismutase (SOD), catalase (CAT), and thioredoxins, also 
contribute to cellular protection against oxidative damage in OSAS alongside GPX4. Impairment of these systems may 
further enhance susceptibility to ferroptosis-associated oxidative injury, though their relative contributions require 
clarification through future studies. Furthermore, while lipid peroxidation repair is dependent on GPX4, the overall 
redox balance also involves interactions among intracellular glutathione (GSH) levels and the cystine/glutamate 
antiporter system (xCT). Elevated glutamate levels-a characteristic finding in OSAS-may inhibit xCT function, reducing 
GSH synthesis and, consequently, diminishing GPX4 activity. This cascade may increase oxidative stress and promote 
ferroptosis-related damage; however, more comprehensive research is needed to delineate the precise molecular links 
between these processes.

In conclusion, while GPX4, ferritin, and MDA are valuable biomarkers for assessing oxidative stress, they should not 
be interpreted as specific or definitive indicators of ferroptosis in OSAS. Further targeted investigations are warranted to 
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clarify the relationship between oxidative stress–related biomarkers and ferroptosis mechanisms and to identify more 
specific molecular indicators capable of distinguishing ferroptosis from other forms of cell death and oxidative injury in 
OSAS.

Lipid Peroxidation: A Critical Link Between Ferroptosis and OSAS
Lipid peroxidation is another crucial process in ferroptosis that has been involved in an ever-growing number of studies 
on OSAS pathophysiology. Polyunsaturated fatty acids (PUFAs) are prone to exporting oxidative damages to cell 
membranes in the case of chronic IH due to their high concentration. This is based on the fact that the elevated levels 
of MDA and 4-hydroxy-2-nonenal (HNE) that are identified as the biomarkers of lipid peroxidation are reported in OSAS 
models.73–76 During oxidative stress, specific PUFAs are peroxidated, such as arachidonic acid (AA) and docosahex
aenoic acid (DHA), and are involved in ferroptosis,77,78 although other lipids could also be involved, including 
eicosapentaenoic acid (EPA) and linoleic acid.79,80 Disturbed phospholipids also destroy membrane integrity, which is 
also a feature of ferroptotic death.81,82

Notably, according to OSAS, lipid peroxidation does not work alone. Mitochondrial dysfunction and autophagy can 
enhance ferroptosis through increases in iron uptake, perpetuation of oxidative distress and mitochondrial peroxidated 
lipid and damage turnover.83,84 Based on this interaction, we put forward that it is a multifactorial process, in which the 
presence of lipid peroxidation is a major and not the sole event. Future studies should involve high-resolution lipidomics 
to identify the species of lipids driving ferroptosis in OSAS and establish the relationship between these processes and 
mitochondrial and autophagic processes. These may provide indications of a therapeutic measure to reduce the disorders 
induced by OSAS such as cardiovascular and neuro degenerative diseases.

Diagnostic and Therapeutic Implications
The previous years saw the diagnostic and therapeutic settings of the obstructive sleep apnea syndrome (OSAS) 
transformed in numerous ways considering the new trends in molecular biology, diagnostic imageries as well as the 
treatment process itself. Its fundamental problems, particularly, the integration of new instruments of observation during 
the clinical procedure and the development of personalized methods of dealing with diseases with which considerable 
long-term and credible effects are achieved, exist. The new dimension of the disease management also arrives through 
the disease pathophysiological findings recently, Ferroptosis as a type of regulated cell death that is associated with 
oxidative stress and iron imbalances is a recent addition to the newly developed reality of the OSAS treatment. The paper 
gives a review of the recent and most impactful research on ferroptosis in OSAS that have its research results that remain 
unanswered and those that have potential to give a stepping stone. Although the discovery of using biomarkers including 
lipid peroxidation products and iron-related signals has potential on this issue in early diagnosis, clinical usefulness 
should be supported by additional investigations. Moreover, in spite of successfully building up evidence on ferroptosis 
inhibitors and modulators in preclinical trials, their clinical implementation is still unclear. The major gaps and 
controversies including the most effective targets of therapeutic activities, safety issues, oxidative stress modulation 
deserve additional investigation to optimize the therapeutic applications and improve the patient outcomes.

Diagnostic Advances
Obstructive sleep apnea syndrome (OSAS) is a common sleeping illness which is typified by repeated blockage of the 
upper airways at the time of sleeping, consequently causing random hypoxemia and hypercapnia conditions. Even though 
the field of diagnostics has developed issues with major progress over the years, OSAS is still underdiagnosed, 
particularly when the patients have light symptoms. Classic medical instruments, including an overnight polysomno
graphy (PSG), have become the gold standard but they are both expensive and time-intensive and in some health care 
environments are unavailable. It has promoted other diagnostic techniques like home sleep apnea testing (HSAT) 
examined, and portable monitoring gadgets. Such approaches provide more convenient effective but cheaper solution 
which is often not as diagnostic as PSG, or more diagnostic but general in multiple comorbidities or similarly demanding 
cases. Even though they are convenient and practical, HSATs and handheld devices might fail to support finding subtle 
changes in the sleeping behavior and the findings cannot be entirely trusted to identify the entire band of OSAS severity. 
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To address these problems, the search of non-invasive OSAS biomarkers has become more heated. Of growing 
importance are those biomarkers which are responsible of reflecting the underlying pathophysiology of OSAS, especially 
the ones concerned with oxidative stress, systemic inflammation and tissue destruction. As a potential biomarker 
development candidate, Ferroptosis has become an impressive promising alternative of cellular death pathway. 
Clinicians can be in a position to identify the biomarkers of ferroptosis in body fluids like blood, saliva, exhaled breath 
condensate, in order to be able to detect OSAS at an earlier stage even in its mild stage and detect the advancement of the 
disease more accurately.

The lipid peroxidation products, reactive oxygen species (ROS), and proteins pertinent to the iron metabolism are the 
characteristic biomarkers of ferroptosis, including ferritin, transportrin, and iron regulatory proteins (Table 1). Table 1 lists 
biomarkers that are associated with ferroptosis in OSAS but some are speculative or experimental. The reviewer notes that this 
might overstate the clinical utility of these biomarkers. To address this, we should add a comment in the text that highlights the 
current limitations of these biomarkers and their status in clinical practice. The IH revealed elevated levels of lipid peroxides 

Table 1 Ferroptosis-Related Diagnostic Biomarkers in OSAS

Biomarker Description Measurement Method Clinical Relevance

Lipid Peroxidation 
Products (eg, 

4-Hydroxynonenal, 

4-HNE)

Products of lipid peroxidation, 
particularly 4-HNE, are indicators of 

oxidative stress and have been linked to 

OSAS severity. Elevated levels are 
observed in OSAS patients.

Can be measured in blood, urine, or 
exhaled breath condensate. 

Commonly detected through mass 

spectrometry, ELISA, or NGS.

Lipid peroxidation products, especially 
4-HNE, are correlated with the severity 

of OSAS. Elevated levels can indicate 

higher oxidative stress and tissue 
damage.

Reactive Oxygen 

Species (ROS)

Reactive molecules formed when 

oxygen interacts with tissues, 
contributing to oxidative damage in 

OSAS. ROS levels may correlate with 

disease progression and severity.

Typically measured in blood or 

serum using advanced techniques like 
chemiluminescence assays or 

fluorescence-based assays.

ROS production is a hallmark of 

oxidative stress and is directly linked to 
cellular damage in OSAS. It serves as 

a general marker for oxidative stress.

Ferritin An iron storage protein that increases 

in response to oxidative stress. Higher 

ferritin levels may indicate increased 
oxidative stress in OSAS patients.

Measured in blood or serum using 

ELISA or immunoturbidimetric 

assays.

Elevated ferritin levels are often seen in 

OSAS patients due to systemic 

inflammation and oxidative stress. It can 
be a reliable marker for disease severity 

and comorbidities.

Transferrin A protein involved in iron transport. 
Elevated transferrin levels can indicate 

systemic oxidative stress and iron 

dysregulation in OSAS.

Measured in blood or serum using 
ELISA or immunoturbidimetric 

assays.

Transferrin levels, linked to iron 
metabolism and oxidative stress, may 

serve as an indicator of OSAS-related 

organ damage, especially in the 
cardiovascular and neurological 

systems.

Iron Regulatory 
Proteins (eg, 

Ferroportin, 

Hephaestin)

Proteins regulating iron homeostasis, 
including Ferroportin and Hephaestin, 

are involved in iron uptake and export. 

Dysregulation of these proteins is linked 
to oxidative damage in OSAS.

Quantified in blood or tissue samples 
through immunoassays, including 

Western blot and ELISA.

Dysregulated iron homeostasis, 
reflected by changes in iron regulatory 

proteins, may indicate ongoing 

ferroptosis and contribute to organ 
dysfunction in OSAS.

Exhaled Nitric 

Oxide (NO)

Exhaled NO is a marker of oxidative 

stress in the lungs and may be used for 
real-time, non-invasive monitoring of 

OSAS-related oxidative damage.

Detected in exhaled breath using 

nitric oxide sensors, providing a real- 
time, non-invasive diagnostic tool.

Exhaled NO can be used to monitor 

lung-specific oxidative stress in OSAS, 
providing a quick and non-invasive 

method to assess disease progression.

Glutathione 
Peroxidase 4 

(GPX4)

An antioxidant enzyme that plays 
a central role in preventing ferroptosis 

by reducing lipid peroxides. Decreased 

GPX4 activity may indicate ferroptosis 
and OSAS-related organ damage.

Measured in blood or tissue samples, 
primarily through ELISA or Western 

blot assays.

GPX4 is a key antioxidant enzyme that 
protects against ferroptosis. Reduced 

GPX4 activity in OSAS can indicate 

organ damage, particularly in the brain 
and heart.

(Continued)
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especially 4-hydroxynonenal (4-HNE) which are associated with severity of OSAS. Also, the indicators of iron metabolism, 
such as ferritin and transferrin, can indicate the presence of systemic oxidative stress and ferroptosis in OSAS.60,64,66,85 These 
biomarkers may be quantified in blood, urine, or even exhaled breath condensate, and are more accurate and real time and non- 
invasive form of diagnosing OSAS and measuring disease progress.

The high-throughput technologies can be useful to detect the biomarkers of ferroptosis in OSAS. The techniques by which 
they can determine and measure the signs of oxidative stress and iron transporting proteins are mass spectrometry, elevation of 
linked immunosorbent assessment (ELISA), and next-generation-sequencing (NGS).86–89 The technologies are a sound 

Table 1 (Continued). 

Biomarker Description Measurement Method Clinical Relevance

Malondialdehyde 

(MDA)

MDA is a reactive product of lipid 

peroxidation and a widely used marker 
of oxidative stress. Increased MDA 

levels correlate with the severity of 

OSAS and related complications.

Measured in blood or urine using 

thiobarbituric acid-reactive 
substance (TBARS) assays, or by 

mass spectrometry.

MDA is a well-established marker for 

oxidative stress and can be used to 
track disease severity and progression 

in OSAS patients.

Iron (Fe2+ and Fe3+) Iron in its reduced (Fe2+) and oxidized 

(Fe3+) states plays a critical role in 

ferroptosis. Abnormal iron 
accumulation has been associated with 

oxidative stress and OSAS progression.

Measured through blood tests, 

including serum iron tests and total 

iron-binding capacity (TIBC), or 
tissue biopsies.

Abnormal iron levels in OSAS are 

associated with tissue damage and 

ferroptosis. Iron dysregulation can be 
linked to oxidative damage in various 

organs.

Apolipoprotein 
E (ApoE)

A protein involved in lipid metabolism 
and inflammation, ApoE has been 

shown to modulate ferroptosis by 

influencing oxidative stress responses in 
neurological tissues.

Quantified in serum or tissue 
samples using immunoassays or 

Western blot analysis.

Apolipoprotein E (ApoE) has been 
linked to lipid metabolism and 

ferroptosis. Its role in the pathogenesis 

of OSAS, particularly in 
neurodegeneration, is under 

investigation.

Lipid 
Hydroperoxides

Lipid hydroperoxides are products of 
lipid peroxidation and are key 

intermediates in the ferroptosis 

pathway. Elevated levels are found in 
OSAS-related oxidative damage.

Measuring lipid hydroperoxides 
through mass spectrometry or 

specific ELISA tests.

Lipid hydroperoxides are intermediates 
in lipid peroxidation that directly 

contribute to ferroptosis. Elevated 

levels indicate cellular damage in OSAS.

Tissue Iron 

Distribution 
(Ferritin, 

Hemosiderin)

Tissue iron distribution, indicated by 

ferritin and hemosiderin, reveals iron 
accumulation in tissues. Increased tissue 

iron is associated with oxidative stress 

and ferroptosis in OSAS.

Tissue samples can be examined for 

iron deposition using histological 
staining (eg, Perl’s Prussian blue stain) 

or serum tests for ferritin.

Tissue iron distribution provides 

insights into iron overload and its 
association with oxidative stress in 

OSAS-related organ damage.

Cysteine and 

Cystine

Cysteine and cystine are involved in the 

regulation of oxidative stress and 

ferroptosis. Imbalances in their levels 
can reflect cellular redox state and 

indicate OSAS-related stress.

Cysteine and cystine levels can be 

assessed in plasma or serum using 

HPLC or mass spectrometry.

Changes in cysteine and cystine levels 

may indicate a disruption in redox 

balance, suggesting increased oxidative 
stress in OSAS patients.

p53 Protein p53, a tumor suppressor protein, is 
involved in the regulation of ferroptosis. 

Its role in OSAS-related oxidative stress 

and cellular damage has been under 
investigation.

p53 levels can be measured using 
ELISA, Western blot, or 

immunohistochemistry.

p53 is involved in regulating oxidative 
stress and ferroptosis. Elevated p53 

activity in OSAS may indicate severe 

cellular damage and disease progression.

Prostaglandin 

Endoperoxide 
Synthase 2 (COX-2)

COX-2 is an enzyme involved in 

inflammation and oxidative stress. 
Elevated levels of COX-2 in OSAS 

tissues indicate the role of inflammation 

in ferroptosis.

COX-2 expression can be quantified 

using immunohistochemistry, ELISA, 
or Western blot.

COX-2 is a key player in inflammation 

and oxidative stress. Its elevated levels 
in OSAS suggest a strong link between 

inflammation and ferroptosis.
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foundation in the detection of the biomarkers of ferroptosis process in clinical conditions. Also, the new opportunities to 
analyse OSAS through the means of portable diagnostic features that could evaluate oxidative stress, as well as revise this 
evaluation in real-time, generate exciting opportunities.90–92 Suggestively, computer-aided and prompt diagnosis of OSAS can 
be conducted by making use of such sensors that establish exhaled nitric oxide (NO), level: a biomarker of oxidative stress.93 

With the assistance of such gadgets, the patients will be able to monitor their health at home as it would be convenient and 
determine to intervene in a timely manner. Another potentially promising direction is the implementation of the use of artificial 
intelligence (AI) and machine learning (ML) to process sophisticated diagnostic data.94–97 The application of AI algorithms 
could provide a higher level of predicting the OSAS risk and severity when combining clinical and molecular data and 
ferroptosis-related biomarkers. Use of such technologies could assist in diagnosing OSAS at a more gestative level, and also 
assist in detecting those who are those who are at risk of developing comorbid conditions (eg cardiovascular disease or stroke).

Ferroptosis biomarkers could be considered as potentially valuable in terms of their application in the future as a part 
of the OSAS diagnostic algorithm such that the likelihood of early disease detection and management would be 
enhanced. It is therefore recommended that future research be carried out on validating these biomarkers using large 
cohort studies in order to determine the diagnostic accuracy and clinical relevance of these biomarkers. Moreover, the 
role of ferroptosis in organ damage under OSAS and, especially in the cardiovascular and neurological systems, will be 
necessary to understand the outcome in the long-term and inform treatment procedures. A combination of diagnostic 
technologies with the use of ferroptosis-related biomarkers may potentially reduce the difference in individualization of 
the process of diagnosing and treating OSAS. With the help of the integration of molecular markers and conventional 
methodologies such as PSG and HSAT, clinicians will be able to design interventions depending on the more relevant 
idea of the patient state. Such a case-based practice may elevate treatment stabilizations and save patient revenue 
expenses besides increasing the life expectancy of patients having OSAS.

Therapeutic Developments
Iron chelators are among the principal therapeutic strategies currently under investigation for mitigating ferroptosis in 
OSAS. Ferroptosis is initiated by intracellular iron overload, which stimulates the production of reactive oxygen species 
(ROS) and lipid peroxides. Free iron may be bound by chelating agents such as deferoxamine and ciclopirox, thereby 
preventing oxidative damage by inhibiting ferroptosis. Iron chelators can theoretically be useful in preventing ferroptotic 
injury under OSAS conditions, where recurrent hypoxia–reoxygenation cycles promote iron accumulation. However, 
there is limited clinical evidence to support this approach; current preclinical findings suggest that such agents may 
attenuate iron-induced oxidative injury in neuronal and cardiovascular tissues commonly affected by chronic hypoxia.45 

Nonetheless, issues of bioavailability, dosing, and targeted delivery remain major translational challenges in clinical 
contexts.

In parallel, antioxidants targeting lipid peroxidation have emerged as another promising but largely preclinical 
approach. Since lipid peroxidation is a key step in ferroptosis, the use of ferrostatin-1 and liproxstatin-1 has demonstrated 
protective effects in experimental models. These compounds stabilize cellular membranes and decrease lipid peroxide 
accumulation, and may theoretically reduce intermittent hypoxia–induced oxidative stress in the brain, heart, and 
kidneys.48,98–101 Nevertheless, these observations are confined to preclinical studies, and their clinical feasibility and 
safety in OSAS remain unproven. Glutathione peroxidase 4 (GPX4), a critical enzyme that inhibits lipid peroxidation, 
represents another potential therapeutic target. Small-molecule modulators such as RSL3 have shown efficacy in 
controlling GPX4 activity and ferroptotic cell death in neuronal and cardiovascular models.102–107 While modulation 
of GPX4 activity could, in theory, mitigate OSAS-related oxidative injury, the therapeutic translation of GPX4 
modulators remains at an early, exploratory stage.

Beyond direct ferroptosis inhibition, modulation of inflammatory cascades that exacerbate oxidative stress may 
represent an adjunctive strategy. Recurrent hypoxia in OSAS activates cytokines such as TNF-α, IL-6, and IL-1β,108–110 

which are known to facilitate ferroptotic processes. Pharmacological blockade of these cytokines using monoclonal 
antibodies has proven effective in other inflammatory diseases,111,112 though no data currently support similar use in 
OSAS. Activation of the Nrf2 pathway has also been proposed as a potential intervention, given its role in upregulating 
antioxidant enzymes such as GPX4 and catalase; experimental data indicate that Nrf2 activation may attenuate ferroptosis 
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under hypoxic stress.113–119 Yet, clinical evidence for Nrf2 activators in OSAS is currently lacking. Emerging technologies 
—including gene editing and nanomedicine—may eventually broaden the therapeutic landscape. Theoretically, ferroptosis- 
related genes (eg, GPX4120–122) could be modified via gene therapy (eg, CRISPR/Cas9), while nanocarriers might improve 
targeted delivery of ferroptosis inhibitors to vulnerable organs.123,124 However, these approaches remain highly experi
mental, and their applicability to OSAS has yet to be established.

Overall, the therapeutic landscape of OSAS is evolving with growing interest in ferroptosis as a potential mechanism 
of tissue injury (Figure 3). Figure 3 outlines therapeutic strategies targeting ferroptosis in OSAS, distinguishing between 
agents with established clinical relevance (eg, deferoxamine, edaravone) and those in preclinical development (eg, 
Prussian blue, Fer-1). Importantly, the experimental status and evidentiary limitations of these approaches are now 
explicitly acknowledged. Correspondingly, Table 2 has been revised to more accurately represent the type and strength of 
evidence supporting each intervention, classifying iron chelators, antioxidants, GPX4 modulators, anti-inflammatory 
agents, and Nrf2 activators as preclinical or exploratory. Rigorous clinical research remains essential to determine the 
safety, efficacy, and translational value of these therapeutic strategies, which at present should be regarded as preliminary 
and hypothesis-generating avenues for future investigation.

Figure 3 Strategies for targeting ferroptosis in treating obstructive sleep apnea syndrome (OSAS). It highlights the role of dysregulated ferroptosis in OSAS pathophysiology, 
including oxidative stress, inflammation, and lipid peroxidation. The diagram distinguishes between clinical medications for anti-ferroptosis, such as Deferoxamine, 
Edaravone, and Rosiglitazone, which target key molecular pathways, and experimental compounds like Prussian blue and Fer-1 that affect ferroptosis markers GPX4 and 
ACSL4. Additionally, clinical medications like antioxidants and ubiquinol aim to counteract the pathological processes by modulating ferroptosis. The right side focuses on 
key molecular targets, including SLC7A11 and GPX4, central to therapeutic strategies in OSAS management.

Table 2 Treatment Strategy of Ferroptosis in OSAS

Treatment 
Strategy

Mechanism of Action Effectiveness References Clinical Application 
Potential

Iron Chelators Iron chelation prevents iron 
from catalyzing lipid 

peroxidation, reduces oxidative 

damage.

Effective in reducing ferroptosis- 
induced damage in preclinical models of 

OSAS.

Zhong et al 
(2024)45

Strong potential for reducing 
iron overload in OSAS 

patients.

Lipid Peroxidation 

Inhibitors

Inhibition of lipid peroxidation 

to prevent membrane damage.

Shown to reduce cellular damage in 

both in vitro and animal models of 

OSAS.

Shi et al 

(2024)99

Could be used in 

combination with other 

therapies to reduce tissue 
damage in OSAS.

(Continued)
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Table 2 (Continued). 

Treatment 
Strategy

Mechanism of Action Effectiveness References Clinical Application 
Potential

GPX4 Activation Enhancing GPX4 activity to 
neutralize reactive oxygen 

species (ROS), counteracting 

ferroptosis.

Strong protective effects observed in 
models of neurodegeneration, 

cardiovascular damage in OSAS.

Sui et al 
(2018)102

Could be used to limit 
ferroptosis-induced damage 

in OSAS-related tissues.

Ferrous Sulfate 

Supplementation

Increase iron levels to balance 

iron homeostasis and prevent 

overload.

Controversial; risk of exacerbating 

ferroptosis if not carefully controlled.

Zhao et al 

(2022)125

Risk of iron overload in 

OSAS; requires careful 

monitoring.
Atractyloside Inhibition of mitochondrial 

permeability transition pore 

(mPTP) prevents mitochondrial 
dysfunction and ferroptosis.

Protects against ferroptosis in various 

cell types, reducing oxidative stress.

Sergey et al 

(2023)126

Potential for treatment in 

OSAS, but requires more 

clinical evidence for safety.

N-acetylcysteine 

(NAC)

Antioxidant effects by 

replenishing glutathione, a key 
ROS scavenger.

Shown to mitigate ferroptotic damage 

in multiple organs, including lung and 
brain in OSAS models.

Huang et al 

(2022)49

Already used in clinical 

practice for oxidative stress 
management, potential as 

adjunct therapy in OSAS.

Ferrostatin-1 (FST-1) Specific inhibitor of ferroptosis 
that blocks lipid peroxidation 

and ferroptosis-associated cell 

death.

Demonstrated strong effects in 
preclinical models of cancer and 

neurodegeneration, as well as in OSAS- 

related oxidative damage.

Chen et al 
(2024)48

Not yet clinically approved 
for OSAS; needs further 

exploration.

Vitamin E and Other 

Antioxidants

Scavenging of ROS to reduce 

oxidative damage.

Protective effects shown in OSAS- 

related cardiovascular and neuronal 

damage, reducing inflammation.

Hu et al 

(2021)32

Potential as adjunct therapy 

in OSAS treatment.

Targeting p53 

Pathway

Modulating the p53 pathway to 

regulate ferroptosis.

Inhibited ferroptosis in several models 

of disease; promising but early-stage for 

OSAS.

Jiang et al 

(2015)127

Potential for targeted 

therapy in OSAS, particularly 

in comorbid conditions like 
cardiovascular disease.

Mitochondrial 

Modulators

Stabilizing mitochondrial 

integrity to prevent ROS 
generation and mitochondrial 

dysfunction.

Preclinical studies suggest reduction in 

ferroptosis-related cell death in OSAS 
models.

Alejandro 

et al 
(2023)128

Potential adjunct therapy to 

prevent oxidative damage in 
OSAS, particularly in lung 

and brain tissues.

Pharmacological 
Inhibition of ACSL4

Blocking ACSL4 reduces lipid 
peroxidation and ferroptosis.

Showed protective effects in models of 
acute lung injury and cancer.

Huang et al 
(2024)129

Could offer a new avenue for 
treatment in OSAS-related 

tissue damage.

Novel Small 
Molecule Inhibitors  

(eg, RSL3)

Inhibition of GPX4 or other 
ferroptosis-associated proteins.

Proven effective in cancer therapy 
models, showing promise in 

neurodegenerative diseases and OSAS- 

related tissue injury.

Hou et al 
(2024)106

High potential in targeting 
ferroptosis in OSAS; ongoing 

clinical trials.

Ferritin 

Overexpression

Boosting ferritin levels to 

sequester excess iron and 

reduce ROS generation.

Strong evidence in neurodegenerative 

diseases; emerging data in OSAS models 

showing protective effects against 
vascular and neuronal damage.

Chen et al 

(2021)130

Could be a potential 

therapeutic approach to 

manage iron overload in 
OSAS.

Liposomal Delivery 
of Antioxidants

Targeted delivery of 
antioxidants to affected tissues 

to reduce ROS.

Effective in preclinical studies, improving 
targeted tissue protection without 

systemic side effects.

Zhen et al 
(2023)131

Potential for localized 
therapy in OSAS, improving 

efficacy while reducing 

toxicity.
Ketone Bodies (eg,  

β-Hydroxybutyrate)

Modulating metabolism and 

reducing oxidative stress.

Shown to reduce oxidative stress and 

ferroptosis in neurological and 

metabolic models.

Tian et al 

(2024)132

Potential for metabolic 

modulation in OSAS-related 

oxidative stress, especially in 
obesity-associated OSAS.
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Challenges and Future Directions
Ferroptosis remains a new point of therapeutic intervention against Obstructive Sleep Apnea Syndrome (OSAS). 
However, its therapeutic intervention must be executed fully with several serious scientific and clinical questions to 
notice. The inadequate understanding of the complicated molecular mechanisms of ferroptosis-induced OSAS is among 
the most pressing ones to mention. Even though a body of literature has already established a connection between the 
intermittent hypoxia (IH), the oxidative stress and the iron homeostasis dysregulation, the manifestation of ferroptosis has 
minimal knowledge on detailing the involved disrupted molecular processes in connecting the pathophysiology of the 
OSAS with the ensuing pathway systemic complications. It should be mentioned that the effects through which 
ferroptotic depends on the inflammatory responses, cellular metabolic disorders and neurodegeneration homeostatic 
with the help of OSAS are not well studied. This lack of such knowledge handicaps the production of effective and target 
therapy and predictable biomarkers that may monitor or prevent the consequences of ferroptosis-living cell injury. One of 
the major challenges is a selective modulation of ferroptosis in concerned tissues. Even though growing evidence 
continues to implicate ferroptosis in the pathology of OSAS-induced cell death, the biggest complication is the challenge 
of localizing induction of ferroptosis in pathological tissue (say-hypoxic stress) but sparing normal cells. The current 
strategies often fail to take into account the tissue-specificity of ferroptosis, or even the possibility of other similar 
comorbidities, eg cardiovascular dysfunction, neurodegeneration and even fibrosis in OSAS after such drugs. Controlling 
the level of ferroptosis precisely at the cellular and tissue factors without any form of adverse effects is going to be the 
most vital pillar towards translating ferroptosis-related therapies currently at the experimental stages to clinical applica
tions. Additionally, a successful linkage and confirmation of potent and delicate biomarkers of ferroptosis in OSAS is an 
even better gap in science. The lack of consistent biomarkers can almost be considered the biggest obstacle in the study 
of the ferroptosis progress, the success of therapeutic measures, and the interpretation as to the most efficient therapeutic 
intervals. New and dynamic biomarkers that outright denote the occurrence and the course thereof in ferroptosis, and the 
contributions displayed vis a vis other cell death mechanisms (apoptosis and necrosis) will also be critical not only in the 
diagnostics and treatment of OSAS. Multi-modal approach that encompasses the progressive imaging modalities or liquid 
biopsy-based analyses can offer new possibilities of real-time monitoring of ferro-ptosis of the patients of OSAS.

It demands the paradigm shift of directions of research. First, the introduction of the most recent and high throughput 
multi-omics research, such as single-cells RNA sequencing, spatial transcriptomics, and even proteomics ones, is to 
facilitate the realization of cellular and tissue-level of ferroptosis in OSAS. Such plans will enable the discovery of tissue 
specific-molecular signatures and the perception of the location of ferroptosis in the pathophysiology of the OSAS in 
general. With systems biology available and artificial intelligence (AI)-based data analysis, potential new pathways and 
predictive biomarkers associated with ferroptosis can be found, which will help get treatments and diagnostics developed 
faster. In addition, invasion of gene-editing tools, such as CRISPR/Cas9, as well as delivery strategies, eg targeted 
nanoparticles or viral vectors, might enable the specific regulation of the expression of ferroptosis-associated genes in 
individual tissues. This would make it possible to engage or suppress ferroptosis in the organs affected by OSAS 
selectively to develop very precise and effective therapeutic solutions. Moreover, screening nanomedicine through 
targeted delivery of ferroptosis modulators has the potential to make treatment more specific to a disease, reduce side 
effects in the entire body, and improve the healing effect. Simultaneously, there is a promising prospect in the area of 
artificial intelligence and machine learning-driven drug discovery platforms to reduce the time it requires to discover 
ferroptosis modulators. Brother AI-controlled screening systems, considered over large drug collections, could be used to 
repurpose drugs which currently have FDA approval, screening compounds that can carry out ferroptosis pathways in 
OSAS. With the enhancement of the ML algorithms with the personal patient data, one can potentially predict the best 
therapies given the particular genetic and environmental factors put in place and thus lead to a new personalized approach 
to the treatment of OSAS. Last but not the least is convergence of interdisciplinary research, eg bioinformatics, 
nanomedicine, and pharmacogenomics, where this is an untapped potential that can overcome the current constraints 
in ferroptosis field. The three disciplines will be combined to create new tools and solutions to high throughput screening, 
direct delivery of drugs, and non-invasive monitoring of ferroptosis activity and may be used to make large-scale lung 
changes in realizing ferroptosis-targeted therapies to OSAS.
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Even though much was done in explaining the efficacy of ferroptosis in OSAS, it is still vibrating. Some 
improvements will be required in the field by working on the problem of tissue-specific targeting of ferroptosis, 
enhancement of biomarker development, and the development of new technologies such as AI, CRISPR and 
nanomedicine. Otherwise referred to as capping, this method has served to propose new approaches using cleaner 
scales of the Saagonin with the potential to make substantial advances to the clinical treatment of the OSAS that would 
interface with precision medicine solutions that would aid in stabilizing the on-progress course of the disease and to 
achieve improved results in medical outcome of the patient. The two factors residenced to give the solution to the work 
are; technological innovation and interdisciplinary collaboration in the case of the ferroptosis in the context of the 
OSAS treatment work.

Critical Appraisal of Included Studies
While this review synthesizes the potential role of ferroptosis in the pathophysiology of obstructive sleep apnea 
syndrome (OSAS), it is important to critically appraise the available evidence. The majority of studies included in this 
review rely on preclinical models, particularly in vitro cell experiments and animal models of intermittent hypoxia, which 
provide valuable mechanistic insights into oxidative stress, iron dysregulation, and lipid peroxidation. However, these 
studies are limited by small sample sizes, short observation periods, and methodological heterogeneity, which hinder the 
direct extrapolation of findings to human OSAS. Furthermore, while animal models are essential for understanding 
pathophysiological mechanisms, their ability to replicate the complexity of human OSAS—characterized by multi
factorial comorbidities and long-term disease progression—remains uncertain. Clinical studies investigating the direct 
relationship between ferroptosis and OSAS pathophysiology are scarce, and most of the available literature relies on 
indirect biomarkers, rather than validated diagnostic markers of ferroptosis. Thus, while the evidence suggests a potential 
role for ferroptosis in OSAS-related cardiovascular, neurological, and renal complications, the current body of work 
remains preliminary and largely hypothetical. Given these limitations, further research, including large-scale clinical 
trials and longitudinal studies, is essential to better define the role of ferroptosis in OSAS and to explore its clinical 
applications with rigorously validated biomarkers and therapeutic strategies.

Conclusion
Ferroptosis has recently emerged as a potential mechanism of interest in the context of obstructive sleep apnea syndrome 
(OSAS). Although disturbances in iron metabolism have long been linked to cardiovascular, neurological, and metabolic 
comorbidities, the specific molecular interplay between ferroptosis and OSAS remains largely speculative. Current 
evidence, derived primarily from preclinical and experimental models, suggests that excessive reactive iron and lipid 
peroxidation may contribute to the oxidative and inflammatory burden observed in OSAS. However, the precise 
regulatory pathways and causal relationships are not yet clearly defined. While therapeutic strategies such as iron 
chelation and ferroptosis inhibition appear promising in alleviating iron overload–associated tissue injury in experimental 
settings, there is insufficient clinical evidence to support their use in OSAS patients at present. Future investigations 
should focus on mechanistic studies to delineate how ferroptosis contributes to OSAS pathophysiology, alongside well- 
designed clinical research to assess its translational potential. In conclusion, ferroptosis represents a hypothetical but 
intriguing link between disrupted iron metabolism and the multisystem complications of OSAS. Clarifying this relation
ship will require comprehensive molecular, translational, and clinical research to determine whether targeting ferroptosis 
could ultimately provide a viable therapeutic avenue.
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