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			Abstract | Heat stress is a critical stressor that disrupts cellular homeostasis and induces oxidative damage, inflammatory responses, mitochondrial dysfunction, and apoptosis. Excessive heat exposure promotes the accumulation of reactive oxygen species (ROS), impairs endogenous antioxidant systems, and activates redox-sensitive signaling pathways, including nuclear factor erythroid 2-related factor 2 (Nrf2), nuclear factor kappa B (NF-κB), and mitogen-activated protein kinases (MAPKs). These interconnected events accelerate cellular injury and compromise adaptive stress responses. Fucoidan, a sulfated polysaccharide primarily isolated from brown seaweeds, has gained attention as a bioactive compound with antioxidant, anti-inflammatory, and cytoprotective properties. This review highlights the molecular basis of heat stress-induced cellular damage and discusses the potential protective role of fucoidan in this context. Fucoidan may attenuate heat stress-associated injury by reducing ROS accumulation, enhancing Nrf2-mediated antioxidant defense, suppressing NF-κB-driven inflammatory signaling, modulating MAPK activation, preserving mitochondrial function, and limiting apoptosis-related pathways. In addition, the biological activity of fucoidan appears to be influenced by its structural characteristics, particularly molecular weight and degree of sulfation. Although current evidence supports the therapeutic promise of fucoidan in oxidative and inflammatory injury models, studies specifically addressing heat stress remain limited. Overall, fucoidan represents a promising multitarget compound for cellular protection under heat stress and warrants further mechanistic and translational investigation.
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			INTRODUCTION

			Heat stress is a major biological stressor that adversely affects cellular homeostasis in a wide range of organisms, including mammals, birds, aquatic species, and cultured cells (Figure 1). At the cellular level, excessive heat exposure does not merely represent a thermal challenge, but rather initiates a complex stress response involving proteotoxicity, oxidative imbalance, inflammatory activation, metabolic disturbance, and programmed cell death. These events are particularly relevant because heat stress has been increasingly associated with impaired tissue function, reduced productivity, compromised immunity, and enhanced susceptibility to cellular damage in both physiological and pathological settings (Lara and Rostagno, 2013; Akbarian et al., 2016; Slimen et al., 2014).

			One of the earliest consequences of heat stress is the disruption of intracellular protein stability and membrane integrity. Elevated temperature alters protein conformation, increases the risk of protein misfolding and aggregation, and places considerable pressure on the cellular proteostasis machinery. In response, cells activate adaptive systems such as the heat shock response, particularly through heat shock factor 1 (HSF1) and heat shock proteins (HSPs), to restore protein folding and maintain structural integrity. However, when heat exposure is severe or prolonged, these compensatory mechanisms become insufficient, leading to persistent cellular dysfunction and injury (Pessa et al., 2024; Radons, 2016; Haslbeck and Vierling, 2015; Morimoto, 2011).

			A central feature of heat stress-induced damage is the excessive generation of reactive oxygen species (ROS). Under thermal stress conditions, mitochondrial electron transport becomes less efficient, while other pro-oxidant systems, including NADPH oxidases and endoplasmic reticulum-associated oxidative processes, may further contribute to ROS accumulation. Once generated in excess, ROS oxidize lipids, proteins, and nucleic acids, thereby compromising membrane stability, enzyme activity, and genomic integrity. More importantly, ROS are not merely toxic byproducts but also potent signaling mediators that amplify stress-responsive pathways and promote further cellular deterioration (Slimen et al., 2014; Kurnijasanti et al., 2024; Mujahid et al., 2005, 2007).
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			Figure 1: Schematic illustration of heat stress–induced disruption of cellular homeostasis through proteotoxicity, oxidative imbalance (ROS overproduction), inflammatory activation, metabolic disturbance, and programmed cell death, ultimately leading to impaired tissue function, reduced productivity, compromised immunity, and increased susceptibility to cellular damage.

			The pathological effects of heat stress are closely linked to the crosstalk between oxidative stress and inflammation. Increased ROS production can activate redox-sensitive transcription factors and signaling cascades, particularly nuclear factor kappa B (NF-κB) and mitogen-activated protein kinases (MAPKs), resulting in the upregulation of pro-inflammatory mediators such as tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), interleukin-6 (IL-6), cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase (iNOS). This inflammatory activation further aggravates oxidative injury and disrupts mitochondrial function, creating a self-amplifying cycle of cellular damage. In parallel, mitochondrial membrane depolarization, cytochrome c release, and caspase activation may ultimately shift the cellular response from adaptation toward apoptosis (Liu et al., 2017; Hoesel and Schmid, 2013; Cargnello and Roux, 2011; Kim and Choi, 2010; Nguyen et al., 2009).

			Although cells possess endogenous antioxidant defense systems, including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and the nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent cytoprotective network, these mechanisms are often inadequate under intense or prolonged heat stress. Consequently, there is growing interest in bioactive compounds capable of modulating multiple stress-responsive pathways simultaneously rather than acting solely as conventional radical scavengers. In this regard, compounds with both antioxidant and anti-inflammatory properties are particularly attractive, as they may interrupt the redox-inflammatory axis that underlies much of heat stress-induced cellular injury (Loboda et al., 2016; Ahmed et al., 2017; Wardyn et al., 2015; Li et al., 2008).

			Natural bioactive molecules have attracted considerable attention as potential preventive and therapeutic agents because of their structural diversity and pleiotropic biological properties. Unlike conventional single-target compounds, many naturally derived molecules may simultaneously modulate oxidative stress, inflammatory responses, mitochondrial function, immune regulation, and cell survival pathways. Their health-promoting effects have consequently been investigated in various pathological conditions involving excessive reactive oxygen species (ROS) production, chronic inflammation, metabolic dysregulation, and cellular injury. Nevertheless, the biological activities of natural molecules are often highly context dependent and may vary according to their chemical composition, bioavailability, dosage, formulation, and the experimental model employed. Therefore, although preclinical studies frequently demonstrate promising protective effects, further mechanistic and translational investigations are required to establish their molecular targets, pharmacokinetic characteristics, safety, optimal dosing, and clinical relevance.

			Within this broader group of natural bioactive compounds, fucoidan, a sulfated polysaccharide predominantly derived from brown seaweeds, has emerged as a promising candidate for cellular protection. Structurally, fucoidan is primarily composed of L-fucose and sulfate groups; however, its monosaccharide composition, branching pattern, molecular weight, sulfate content, and biological activity vary considerably depending on the algal species, harvesting conditions, extraction and purification procedures, and degree of sulfation. Such structural heterogeneity is an important consideration because it may substantially influence fucoidan’s biological efficacy and mechanism of action.

			Fucoidan has been reported to exert diverse biological activities, including antioxidant, anti-inflammatory, immunomodulatory, cytoprotective, and context-dependent apoptosis-regulating effects. These pleiotropic properties suggest that fucoidan may provide cellular protection not only by directly or indirectly reducing ROS accumulation but also by modulating interconnected molecular pathways involved in cellular adaptation, inflammation, mitochondrial homeostasis, and injury. These pathways include the nuclear factor erythroid 2-related factor 2/Kelch-like ECH-associated protein 1 (Nrf2/Keap1) antioxidant pathway, nuclear factor kappa B (NF-κB)-mediated inflammatory signaling, mitogen-activated protein kinase (MAPK) cascades, and mitochondrial apoptosis-related pathways (Ale et al., 2011; Fitton, 2011; Fitton et al., 2015; Wang et al., 2019; Sanjeewa et al., 2023; Xue et al., 2024).

			Despite the growing interest in fucoidan as a marine-derived bioactive molecule, its specific relevance to heat stress-induced cellular injury has not yet been comprehensively evaluated from an integrated molecular perspective. Most available studies have investigated fucoidan in general models of oxidative stress, inflammation, mitochondrial dysfunction, or tissue injury, whereas direct mechanistic evidence in heat stress models remains comparatively limited. Moreover, differences in fucoidan source, extraction method, molecular characteristics, experimental dosage, and biological model complicate comparisons among studies and limit the translation of preclinical findings.

			Accordingly, this review discusses the molecular mechanisms underlying heat stress-induced cellular injury and critically evaluates the potential role of fucoidan as a natural antioxidant, anti-inflammatory, and cytoprotective compound. Particular emphasis is placed on the interactions among ROS generation, Nrf2-mediated antioxidant defense, NF-κB- and MAPK-dependent inflammatory signaling, mitochondrial dysfunction, and apoptosis. By integrating current mechanistic evidence, this review also identifies major knowledge gaps and highlights the need for standardized fucoidan characterization, direct heat stress-specific experimental studies, dose-response evaluation, pharmacokinetic assessment, and well-designed translational investigations before its therapeutic potential can be conclusively established (Fitton et al., 2015; Jayasinghe et al., 2022; Xue et al., 2024).

			Materials and Methods

			Review design

			This study was conducted as a structured narrative review, not as a systematic review. A predefined literature-search strategy and eligibility criteria were used to organize evidence on heat stress-induced cellular injury and the potential cytoprotective effects of fucoidan (Figure 2). Primary studies and relevant reviews were narratively integrated across oxidative stress, inflammatory signaling, mitochondrial dysfunction, proteostasis, and apoptosis.

			Importantly, direct studies evaluating fucoidan under heat stress conditions remain limited. Therefore, mechanistically relevant evidence from related models of oxidative stress, inflammation, mitochondrial dysfunction, and cellular injury was also included. Evidence from these analogous models was interpreted cautiously and distinguished from direct heat stress-specific findings (Xue et al., 2024; Fitton et al., 2015; Jayasinghe et al., 2022).

			Literature search strategy

			Relevant publications were identified through searches of PubMed, Scopus, and Web of Science. The final literature corpus covered peer-reviewed publications published between 2002 and 2025. The search strategy combined free-text terms related to fucoidan, heat stress, cellular injury, and the principal molecular pathways relevant to cytoprotection.

			The core Boolean search string was: (“fucoidan” OR “sulfated polysaccharide*”) AND (“heat stress” OR “thermal stress” OR hyperthermia) AND (“oxidative stress” OR “reactive oxygen species” OR inflammation OR “mitochondrial dysfunction” OR “cellular injury” OR cytoprotection OR Nrf2 OR “HO-1” OR “NF-κB” OR MAPK OR apoptosis OR “heat shock protein*” OR Bax OR “Bcl-2” OR “cytochrome c” OR caspase*).

			The search syntax was adjusted according to the indexing structure and search requirements of each database. Additional publications were identified through backward citation tracking by screening the reference lists of relevant primary studies and review articles.

			The final database search was conducted on [DAY MONTH YEAR] in PubMed, Scopus, and Web of Science. The same eligibility criteria and core Boolean terms were applied across all databases.

			Eligibility criteria

			Articles were included when they met the following criteria:

			
					published in English in a peer-reviewed journal between 2002 and 2025;

					presented original experimental research or a relevant review addressing heat stress biology, fucoidan bioactivity, oxidative-inflammatory injury, mitochondrial dysfunction, proteostasis, or apoptosis;

					evaluated molecular or biochemical indicators relevant to cellular injury or protection, including ROS, lipid peroxidation, endogenous antioxidant enzymes, Nrf2/HO-1, NF-κB, MAPKs, heat shock proteins, Bax/Bcl-2, cytochrome c, or caspases;

					provided mechanistic evidence relevant to the biological effects of fucoidan or the molecular basis of heat stress-induced cellular injury; and

					for studies directly evaluating fucoidan, provided at least partial information regarding its biological source, extraction or purification method, molecular weight, sulfate content, chemical composition, or structural characteristics.

			

			Articles were excluded when they:

			
					were conference abstracts, book chapters, theses, dissertations, preprints, or other non-peer-reviewed publications;

					were unavailable in full text;

					were unrelated to heat stress, oxidative stress, inflammation, mitochondrial dysfunction, proteostasis, apoptosis, or fucoidan-related biological activity;

					lacked relevant molecular, biochemical, or mechanistic outcomes;

					contained insufficient methodological information to support interpretation of the findings;

					duplicated findings reported in another publication; or

					focused exclusively on physicochemical characterization without evaluating biological activity relevant to the scope of the review.

			

			Editorials, letters, and commentaries were generally excluded. However, one seminal commentary directly addressing the relationship among NF-κB, heat shock proteins, HSF1, and inflammation was retained solely to support the conceptual background of the heat shock– inflammation interface. It was not used as primary evidence for the biological efficacy of fucoidan.
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			Figure 2: Workflow of the narrative review. Literature was searched in PubMed, Scopus, and Web of Science, screened using predefined eligibility criteria, and synthesized according to key mechanisms of heat stress-induced cellular injury and fucoidan-mediated cytoprotection.

			Study screening and final literature corpus

			The review was developed through iterative literature identification and mechanistic evaluation. The original search records did not retain a complete screening log documenting the total number of database records retrieved, duplicate records removed, titles and abstracts screened, or full-text articles excluded. These numbers could therefore not be reconstructed reliably and were not estimated retrospectively.

			The final literature corpus comprised 51 publications. Of these, 19 were primary research articles, representing 37% of the included publications; 31 were review articles, representing 61%; and one was an editorial or commentary article, representing 2%.

			Primary research articles were preferentially used to support experimental findings and pathway-specific mechanistic statements. Review articles were used to establish broader conceptual frameworks, describe established signaling pathways, evaluate fucoidan structure activity relationships, and identify relevant primary studies. The single commentary article was used only for conceptual discussion and was not treated as experimental evidence.

			Criteria for article selection and prioritization

			Articles were selected and prioritized using a combination of predefined scientific considerations rather than citation frequency, journal impact, or novelty alone. The principal criteria were:

			
					direct relevance to heat stress-induced cellular injury or fucoidan-mediated cellular protection;

					mechanistic depth, particularly the evaluation of oxidative, inflammatory, mitochondrial, proteostatic, or apoptotic pathways;

					methodological adequacy and clarity of experimental reporting;

					characterization of the fucoidan preparation, including its biological source, extraction method, molecular weight, sulfate content, and degree of purification;

					consistency of the findings with evidence from related experimental models;

					contribution to the understanding of molecular mechanisms;

					recency of the evidence, when methodological quality and relevance were comparable; and

					relevance to the translational potential, limitations, and future application of fucoidan.

			

			Recent publications were prioritized when they provided methodologically robust and directly relevant findings. Older seminal publications were retained when they provided foundational information regarding heat stress biology, fucoidan structure and bioactivity, heat shock responses, or major intracellular signaling pathways.

			Scientific impact or citation frequency was not used as an independent criterion for inclusion. Highly cited publications were included only when they met the relevance and methodological criteria applied to the other publications.

			Evidence synthesis and interpretation

			The selected studies were synthesized narratively according to the principal mechanistic domains addressed in the review:

			
					ROS generation and endogenous antioxidant defense;

					Nrf2/Keap1-mediated cytoprotective signaling;

					NF-κB-dependent inflammatory signaling;

					MAPK pathway activation;

					heat shock responses and proteostasis;

					mitochondrial dysfunction; and

					intrinsic apoptosis-related pathways. 

			

			Particular attention was given to the consistency of findings across experimental models, the biological plausibility of the proposed mechanisms, the methodological quality of the evidence, and the structural heterogeneity of fucoidan preparations (Xue et al., 2024; Jayasinghe et al., 2022; Yu et al., 2021; Hayden and Ghosh, 2011). Evidence obtained directly from fucoidan-treated heat stress models was distinguished from indirect evidence derived from oxidative stress, inflammatory injury, mitochondrial dysfunction, and apoptosis-related models. Findings from analogous models were used to establish mechanistic plausibility but were not interpreted as direct confirmation of therapeutic efficacy under heat stress conditions.

			The conclusions were interpreted cautiously because fucoidan bioactivity may be substantially affected by its biological source, extraction and purification procedures, molecular weight, sulfate content, monosaccharide composition, administered dose, treatment duration, and experimental model. Accordingly, the review used indirect evidence to identify plausible molecular pathways and research priorities requiring confirmation through dedicated heat stress-specific studies.

			Heat stress and cellular injury: A molecular overview

			Heat stress induces cellular injury through a highly interconnected network of molecular events rather than via a single damaging mechanism (Figure 3). Excessive temperature exposure perturbs membrane dynamics, protein conformation, organelle function, and intracellular signaling, ultimately shifting the cell from an adaptive state toward injury and death. Although the initial response to heat is intended to preserve homeostasis, persistent or severe thermal stress often overwhelms endogenous defense systems and triggers a pathological cascade involving proteotoxic stress, oxidative damage, inflammatory activation, mitochondrial dysfunction, and apoptosis (Lara and Rostagno, 2013; Akbarian et al., 2016; Slimen et al., 2014).

			One of the earliest molecular consequences of heat stress is the disruption of proteostasis. Elevated temperature destabilizes non-covalent interactions that maintain proper protein folding, thereby increasing the likelihood of protein unfolding, misfolding, and aggregation. Under physiological conditions, cells counteract this insult by activating the heat shock response, primarily through HSF1, which promotes the transcription of HSP70, HSP90, and related molecular chaperones. These proteins facilitate refolding, prevent aggregation, and support recovery of damaged proteins. However, when heat exposure exceeds the buffering capacity of the proteostasis network, unfolded and aggregated proteins accumulate, leading to endoplasmic reticulum stress, impaired enzymatic function, and broader cellular dysfunction (Pessa et al., 2024; Radons, 2016; Haslbeck and Vierling, 2015; Morimoto, 2011).

			Another hallmark of heat stress is excessive ROS production. Mitochondria are major intracellular sources of ROS during thermal stress because heat impairs electron transport chain efficiency and increases electron leakage, especially at complexes I and III. This enhances formation of superoxide anions and downstream oxidants such as hydrogen peroxide and hydroxyl radicals. In addition to mitochondria, NADPH oxidases and endoplasmic reticulum-associated oxidative processes may also contribute. At controlled levels, ROS act as signaling molecules involved in adaptation; however, excessive ROS cause lipid peroxidation, protein oxidation, DNA damage, and membrane destabilization. Once oxidative injury begins, damaged mitochondria may produce even more ROS, creating a vicious cycle that amplifies cellular injury (Slimen et al., 2014; Kurnijasanti et al., 2024; Mujahid et al., 2005, 2007). The pathogenic significance of ROS extends beyond direct macromolecular damage. ROS also serve as second messengers that activate multiple stress-responsive signaling pathways, thereby linking oxidative stress with inflammation and cell death. NF-κB is one of the most important regulators of inflammatory signaling in this setting. Heat stress-associated ROS and danger signals activate the IκB kinase complex, leading to phosphorylation and degradation of IκB and allowing NF-κB to translocate into the nucleus. Activated NF-κB induces expression of TNF-α, IL-1β, IL-6, COX-2, and iNOS, all of which aggravate oxidative injury and disrupt cellular function (Liu et al., 2017; Hoesel and Schmid, 2013; Iba et al., 2025).
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			Figure 3: Mechanisms of heat stress-induced cellular injury. Heat stress disrupts proteostasis, increases ROS production, and triggers oxidative stress, inflammation (NF-κB, MAPK), and mitochondrial dysfunction. These interconnected pathways lead to ATP depletion, cytochrome c release, and activation of apoptotic signaling (caspases), while Nrf2-mediated antioxidant defenses are often insufficient, ultimately resulting in cell death.

			Heat stress also stimulates MAPK signaling pathways, particularly p38, JNK, and ERK. These kinases are highly responsive to thermal, oxidative, and inflammatory insults and influence gene expression, stress adaptation, and apoptosis. In general, sustained activation of p38 and JNK is associated with inflammatory amplification and proapoptotic signaling, whereas ERK may exert either protective or detrimental effects depending on the context. These signaling networks are not linear; rather, they form overlapping stress circuits with ROS acting as an upstream trigger (Cargnello and Roux, 2011; Kim and Choi, 2010; Nguyen et al., 2009).

			Mitochondria occupy a central position in heat stress-induced injury. Thermal stress reduces mitochondrial membrane potential, impairs ATP generation, disturbs calcium homeostasis, and increases membrane permeability. These changes favor release of cytochrome c, formation of the apoptosome, and activation of caspase-9 and caspase-3. The process is regulated by Bcl-2 family proteins, in which proapoptotic members such as Bax and antiapoptotic members such as Bcl-2 determine mitochondrial membrane stability. Heat stress commonly shifts this balance toward apoptosis (Slimen et al., 2014; Kurnijasanti et al., 2024; Ma et al., 2025; Bellezza et al., 2018).

			Despite these damaging processes, cells possess endogenous defense systems designed to restore redox balance and preserve viability. Among these, the Nrf2 pathway is particularly important. Under basal conditions, Nrf2 is bound by Keap1 in the cytoplasm and targeted for proteasomal degradation. Under oxidative or electrophilic stress, this inhibitory interaction is disrupted, allowing Nrf2 to accumulate and translocate into the nucleus, where it binds antioxidant response elements and stimulates genes such as HO-1, NQO1, GCLC, SOD, CAT, and GPx. However, under intense or prolonged heat stress, endogenous Nrf2 activation may be insufficient to counterbalance excessive ROS production and downstream inflammatory injury (Loboda et al., 2016; Wardyn et al., 2015; Bittkau et al., 2025).

			Taken together, heat stress should be understood as a multidimensional form of cellular stress characterized by close interaction between proteotoxicity, oxidative imbalance, inflammation, mitochondrial dysfunction, and apoptosis. This redox-inflammatory-mitochondrial axis provides a mechanistic framework for understanding thermal injury and also explains why multitarget protective compounds may be more effective than agents acting through a single pathway (Akbarian et al., 2016; Slimen et al., 2014; Li et al., 2008).

			Structural features of fucoidan relevant to cytoprotection

			Fucoidan is a sulfated polysaccharide predominantly obtained from brown seaweeds, although it may also be isolated from certain marine invertebrates. It has attracted extensive attention because of its antioxidant, anti-inflammatory, immunomodulatory, anticoagulant, and cytoprotective activities (Figure 4). However, fucoidan is not a single uniform compound; rather, it represents a structurally heterogeneous group of fucose-rich sulfated polysaccharides whose characteristics vary according to species, harvest conditions, extraction methods, purification procedures, and molecular fractionation (Ale et al., 2011; Wang et al., 2019; Xue et al., 2024; Fitton et al., 2015; Yunianta et al., 2025).
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			Figure 4: Sources, structural characteristics, and major biological activities of fucoidan, including antioxidant, anti-inflammatory, immunomodulatory, and anticoagulant effects.

			The translational relevance of extraction and purification is reflected in the patent literature. US10590207B2 describes a controlled process for isolating fucoidan and laminarin from live seaweed. Biomedical examples include a fucoidan-containing radioprotective composition (KR100791100B1) and adjunctive use in antibody-based antitumor immunotherapy (WO2022047815A1). These patents demonstrate interest in standardized production and biomedical application but do not provide direct evidence of heat stress protection.

			In general, fucoidan is mainly composed of L-fucose residues and sulfate ester groups, but it may also contain galactose, mannose, xylose, glucose, and uronic acids. The backbone is commonly formed by α-(1→3)-linked L-fucopyranose residues or alternating α-(1→3) and α-(1→4) linkages, depending on the source. Sulfate groups may be attached at different positions, and branching patterns vary considerably. These structural variations influence charge density, solubility, molecular conformation, protein-binding properties, and biological reactivity (Ale et al., 2011; Wang et al., 2019; Fitton et al., 2015).

			Molecular weight is one of the most important determinants of fucoidan bioactivity. High-molecular-weight fucoidan may exert potent activity in some systems, but its size can limit absorption, diffusion, and interaction with intracellular targets. Low-molecular-weight fucoidan is often considered more favorable in terms of bioavailability, tissue penetration, and cellular accessibility. Several studies suggest that low-molecular-weight fractions may exhibit stronger antioxidant and anti-inflammatory effects, although this relationship is not always linear and may depend on the biological system examined (Wang et al., 2019; Xue et al., 2024; Haggag et al., 2023; Obluchinskaya and Pozharitskaya, 2024).

			Patent development also highlights molecular-weight control. US20100113390A1 describes defined low-molecular-weight fucoidan-derived oligosaccharides intended to improve absorption and product uniformity, whereas WO2010110223A1 claims a medium-molecular-weight fucoidan for pharmaceutical use. These patents support molecular-weight standardization but remain outside the specific context of heat stress.

			The degree and pattern of sulfation also strongly influence activity. Sulfate groups contribute to the highly anionic character of fucoidan and appear to mediate electrostatic interactions with proteins, receptors, enzymes, and signaling molecules. Increased sulfation is often associated with stronger bioactivity, although sulfate position and distribution may be as important as total sulfate content. Monosaccharide composition and branching complexity further shape the biological profile of fucoidan, while impurities or co-extracted compounds may confound reported effects if purification is incomplete (Wang et al., 2019; Fitton et al., 2015; Ruperez et al., 2002; Haggag et al., 2023).

			These structural considerations are especially relevant in heat stress. Because heat-induced injury involves ROS accumulation, inflammatory signaling, mitochondrial dysfunction, and apoptosis, any protective compound must be able to influence multiple biological targets. The sulfate-rich and polysaccharide-based nature of fucoidan may support such multitarget activity by enabling interaction with redox-sensitive pathways, inflammatory mediators, membrane-associated proteins, and stress-response regulators. Thus, the cytoprotective promise of fucoidan cannot be separated from its structural complexity (Xue et al., 2024; Fitton et al., 2015; Fitton, 2011; Jayasinghe et al., 2022).

			Collectively, the existing patents demonstrate translational interest in standardized extraction, molecular-weight-defined preparations, radioprotection, and adjunctive immunotherapy. Nevertheless, these patented applications do not provide direct evidence that fucoidan is effective against heat stress-induced cellular injury. Among the patents considered in this review, none specifically claims fucoidan for cellular protection under heat stress. This distinction identifies an important translational and intellectual-property gap and supports the need for heat stress-specific mechanistic studies using structurally characterized and standardized fucoidan preparations.

			Molecular mechanisms of fucoidan in cellular protection against heat stress

			The protective potential of fucoidan against heat stress-induced cellular injury lies in its ability to modulate multiple interconnected molecular pathways rather than acting through a single mechanism (Table 1 and Figure 5). Because oxidative stress, inflammatory activation, mitochondrial dysfunction, and apoptosis reinforce one another during heat stress, effective protection requires an agent capable of re-establishing redox balance while simultaneously limiting inflammatory escalation and preserving organelle function (Liu et al., 2017; Xue et al., 2024; Fitton et al., 2015; Fitton, 2011; Jayasinghe et al., 2022).

			Fucoidan and redox homeostasis

			One of the earliest events in heat stress is excessive ROS accumulation. Fucoidan may counteract this process through both direct and indirect antioxidant actions. Although the sulfated polysaccharide structure of fucoidan may contribute to radical-neutralizing activity, this chemical effect alone is unlikely to explain its biological protection in complex cellular systems. More importantly, fucoidan appears to enhance endogenous antioxidant capacity, thereby improving the ability of the cell to buffer persistent oxidative pressure (Wang et al., 2008, 2010; Fernando et al., 2016a; Luthuli et al., 2019).

			Table 1: Potential cytoprotective effects of fucoidan under heat stress conditions.

			
				
					
					
					
					
				
				
					
							
							Heat stress-induced problem

						
							
							Possible protective mechanism of fucoidan

						
							
							Cellular outcome

						
							
							References

						
					

					
							
							ROS accumulation

						
							
							Reduces ROS and lipid peroxidation

						
							
							Decreased oxidative damage

						
							
							Slimen et al., 2014; Kurnijasanti et al., 2024; Mujahid et al., 2005; Fernando et al., 2016a; Wardani et al., 2023

						
					

					
							
							Weak antioxidant defense

						
							
							Enhances SOD, CAT, GPx, glutathione, and Nrf2-related antioxidant signaling

						
							
							Improved redox homeostasis

						
							
							Loboda et al., 2016; Wardyn et al., 2015; Yu et al., 2021; Bittkau et al., 2025

						
					

					
							
							Inflammatory cytokine production

						
							
							Suppresses TNF-α, IL-1β, IL-6, COX-2, and iNOS

						
							
							Reduced inflammation

						
							
							Liu et al., 2017; Yu et al., 2021; Fernando et al., 2016b; Zuo et al., 2022a

						
					

					
							
							NF-κB activation

						
							
							Inhibits IKK/IκB/NF-κB p65 signaling

						
							
							Lower inflammatory gene expression

						
							
							Hoesel and Schmid, 2013; Iba et al., 2025; Luthuli et al., 2019; Fernando et al., 2016b

						
					

					
							
							MAPK activation

						
							
							Modulates p38, JNK, and ERK signaling

						
							
							Reduced inflammatory and apoptotic signaling

						
							
							Cargnello and Roux, 2011; Nguyen et al., 2009; Yu et al., 2021; Guo et al., 2024

						
					

					
							
							Mitochondrial dysfunction

						
							
							Preserves mitochondrial membrane potential and reduces mitochondrial ROS

						
							
							Improved mitochondrial integrity

						
							
							Slimen et al., 2014; Kurnijasanti et al., 2024; Ma et al., 2025; Bellezza et al., 2018; Wardani et al., 2023

						
					

					
							
							Apoptosis

						
							
							Regulates Bax/Bcl-2 and suppresses caspase activation

						
							
							Increased cell survival

						
							
							Ma et al., 2025; Wardani et al., 2023; Zuo et al., 2022a; Knowlton, 2006
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			Figure 5: The molecular mechanisms by which fucoidan protects cells against heat stress. Fucoidan enhances redox homeostasis by reducing ROS and boosting antioxidant enzymes, activates the Nrf2/Keap1 pathway, suppresses NF-κB–mediated inflammation, and modulates MAPK signaling. These coordinated effects preserve mitochondrial integrity and inhibit apoptosis, ultimately improving cellular resilience to heat-induced damage.

			In several oxidative injury models, fucoidan has been reported to reduce intracellular ROS accumulation, attenuate lipid peroxidation, and improve antioxidant markers such as SOD, CAT, GPx, and glutathione. These findings suggest that the antioxidant function of fucoidan extends beyond simple radical scavenging and involves maintenance of the cellular antioxidant network. In heat stress, this distinction is crucial because continuous ROS production from damaged mitochondria cannot be controlled effectively by a passive scavenger alone (Wang et al., 2008, 2010; Fernando et al., 2016a; Wardani et al., 2023).

			Activation of the Nrf2/Keap1 antioxidant axis

			Among the molecular systems involved in redox regulation, the Nrf2 pathway is one of the most critical for adaptation to stress. Under basal conditions, Nrf2 is sequestered by Keap1 and targeted for degradation. Under oxidative stress, Nrf2 becomes stabilized, translocates into the nucleus, and activates transcription of ARE-driven genes, including HO-1, NQO1, GCLC, SOD, CAT, and GPx. These enzymes collectively enhance antioxidant capacity, detoxification, and redox homeostasis (Loboda et al., 2016; Ahmed et al., 2017; Wardyn et al., 2015; Bittkau et al., 2025).

			Fucoidan may exert a substantial part of its antioxidant effect through modulation of this Nrf2/Keap1 axis. In non-heat stress models, fucoidan has been reported to increase Nrf2 expression, promote nuclear translocation, and upregulate downstream antioxidant proteins. Mechanistically, fucoidan may support Nrf2 signaling by lowering cytosolic oxidative burden, modulating thiol-sensitive Keap1 function, or activating upstream kinases such as PI3K/Akt and ERK. In the context of heat stress, this mechanism is especially important because protection depends not only on lowering ROS levels but on restoring the transcriptional capacity of the cell to resist oxidative injury (Yu et al., 2021; Hayden and Ghosh, 2011; Guo et al., 2024).

			Suppression of NF-κB-mediated inflammatory signaling

			Heat stress-induced oxidative imbalance is closely linked to inflammatory activation, and NF-κB plays a central role in this process. In response to ROS and other stress-related stimuli, the IKK complex phosphorylates IκB, targeting it for degradation and allowing NF-κB to translocate to the nucleus. Activated NF-κB drives transcription of pro-inflammatory mediators such as TNF-α, IL-1β, IL-6, COX-2, and iNOS (Liu et al., 2017; Hoesel and Schmid, 2013; Iba et al., 2025; Fernando et al., 2016b).

			Fucoidan has been widely recognized for its anti-inflammatory activity, and suppression of NF-kB signaling appears to be one of its most relevant actions. In inflammatory and oxidative injury models, fucoidan has been shown to reduce IKK activation, inhibit IκB degradation, and attenuate nuclear translocation of NF-κB p65. This is often accompanied by decreased cytokine production and lower expression of inflammatory enzymes. In heat stress, such modulation is highly relevant because inflammatory signaling acts not only as an outcome of injury but also as a major amplifier of oxidative and mitochondrial damage (Yu et al., 2021; Guo et al., 2024; Wardani et al., 2022; Zuo et al., 2022a).

			Modulation of MAPK pathways

			MAPKs, particularly p38, JNK, and ERK, are major signaling nodes in the heat stress response. Sustained activation of p38 and JNK is generally associated with stress propagation, inflammatory amplification, and apoptosis, whereas ERK can be adaptive or detrimental depending on context. Fucoidan has been reported in several injury models to suppress excessive phosphorylation of p38 and JNK and, in some systems, normalize ERK activity. Such modulation may reduce inflammatory gene expression, limit proapoptotic signaling, and support broader cytoprotective crosstalk with Nrf2 and NF-κB (Cargnello and Roux, 2011; Kim and Choi, 2010; Nguyen et al., 2009).

			Preservation of mitochondrial integrity

			Mitochondria are both a source and a target of heat stress-induced ROS. Thermal stress impairs mitochondrial electron transport, disrupts membrane potential, compromises ATP production, and favors cytochrome c release. Fucoidan may preserve mitochondrial function by reducing ROS burden, attenuating inflammatory signaling, and stabilizing the balance between proapoptotic and antiapoptotic Bcl-2 family proteins. In several experimental systems, fucoidan has been associated with increased Bcl-2 expression, reduced Bax expression, preservation of mitochondrial membrane potential, and decreased caspase activation. These findings suggest that mitochondrial protection is a central component of fucoidan-mediated cytoprotection (Kurnijasanti et al., 2024; Wardani et al., 2023; Guo et al., 2024).

			Attenuation of apoptosis-related pathways

			Apoptosis is a common outcome of severe or prolonged heat stress once adaptive responses fail. Fucoidan may attenuate apoptosis by intervening at multiple levels of the intrinsic mitochondrial pathway. Its ability to reduce ROS, suppress inflammatory mediators, and stabilize mitochondria collectively lowers apoptotic threshold crossing. In addition, fucoidan has been reported to increase the Bcl-2/Bax ratio, inhibit caspase-9 and caspase-3 activation, and reduce DNA fragmentation in several injury models. These antiapoptotic effects likely represent the downstream consequence of improved cellular stress tolerance rather than a single isolated molecular action (Ma et al., 2025; Wardani et al., 2023; Guo et al., 2024; Zuo et al., 2022a).

			Potential interaction with heat shock response and proteostasis

			Direct evidence linking fucoidan to heat shock proteins in thermal models remains limited, but several mechanistic considerations support a plausible interaction. By reducing ROS accumulation and inflammatory signaling, fucoidan may indirectly decrease the burden on protein quality-control systems, allowing the heat shock response to function more effectively. Improved mitochondrial and redox homeostasis may also reduce secondary protein damage caused by oxidative modification. This area deserves further experimental attention because it may help explain how fucoidan supports stress adaptation beyond classical antioxidant readouts (Pessa et al., 2024; Haslbeck and Vierling, 2015; Chen and Currie, 2004; Zuo et al., 2022b).

			Integrated model

			Overall, fucoidan appears capable of intervening at several points in the heat stress injury network. It may reduce ROS accumulation, reinforce antioxidant defense through Nrf2, suppress NF-κB-dependent inflammatory signaling, modulate MAPK activity, preserve mitochondrial membrane integrity, and attenuate apoptosis-related cascades. Rather than acting as a single-target inhibitor, fucoidan should therefore be viewed as a multitarget cytoprotective compound that may reprogram the redox-inflammatory-mitochondrial axis underlying heat stress-induced injury (Liu et al., 2017; Cargnello and Roux, 2011; Ma et al., 2025; Guo et al., 2024).

			Experimental evidence from heat stress and related models

			The proposed cytoprotective role of fucoidan in heat stress is supported by a growing body of evidence from oxidative stress, inflammatory injury, and apoptosis-related models, although direct mechanistic studies in heat stress-specific systems remain relatively limited. This distinction is important. Current evidence is sufficient to support the biological plausibility of fucoidan as a protective compound, but not yet strong enough to establish definitive pathway-specific efficacy in all heat stress contexts (Xue et al., 2024; Fitton et al., 2015; Fitton, 2011; Jayasinghe et al., 2022).

			Evidence derived from heat stress models suggests that fucoidan may attenuate cellular and tissue injury by improving antioxidant status and reducing inflammatory burden. In systems exposed to elevated temperature, injury is commonly reflected by increased ROS production, lipid peroxidation, impaired viability, elevated inflammatory markers, and altered mitochondrial or apoptotic signaling. In such conditions, fucoidan supplementation has generally been associated with improved antioxidant enzyme activity, reduced oxidative damage markers, and partial preservation of cellular function. However, the number of studies specifically designed to evaluate fucoidan under well-characterized heat stress conditions remains limited, and many reports differ in terms of experimental temperature, exposure duration, cell type, fucoidan source, and measured endpoints (Yang et al., 2022; Luo et al., 2021; Wang et al., 2018).

			A substantial part of the mechanistic argument for fucoidan in heat stress therefore depends on evidence from related oxidative stress models. In hydrogen peroxide-induced injury, chemically induced oxidative damage, and redox imbalance-associated systems, fucoidan has repeatedly been reported to reduce intracellular ROS, lower lipid peroxidation products, and restore antioxidant defenses such as SOD, CAT, GPx, and glutathione. Comparable support comes from inflammatory injury models, where fucoidan suppresses TNF-α, IL-1β, IL-6, COX-2, iNOS, and NF-κB activation. Additional evidence from mitochondrial dysfunction and apoptosis models indicates preservation of mitochondrial membrane potential, reduction of cytochrome c release, modulation of the Bcl-2/Bax ratio, and suppression of caspase activation (Yu et al., 2021; Hayden and Ghosh, 2011; Wardani et al., 2023; Guo et al., 2024; Zuo et al., 2022a). Despite these promising observations, the experimental evidence remains subject to important limitations. Fucoidan preparations are often heterogeneous and incompletely characterized, many studies rely on limited biochemical markers rather than pathway-resolved endpoints, and relatively few investigations employ heat stress-specific experimental designs with detailed molecular readouts. Accordingly, the current literature supports strong biological plausibility, but further heat stress-focused validation is still needed (Wang et al., 2019; Fitton et al., 2015; Jayasinghe et al., 2022; Haggag et al., 2023; Obluchinskaya and Pozharitskaya, 2024).

			Challenges and future perspectives

			Several critical issues must be addressed before fucoidan can be more convincingly positioned as a protective compound against heat stress-induced cellular injury. First, structural heterogeneity remains a major obstacle. Fucoidan is not a chemically uniform molecule, and variability in molecular weight, sulfation pattern, monosaccharide composition, branching, source species, and extraction method may strongly influence biological outcomes. This complicates cross-study comparison and weakens mechanistic generalization (Wang et al., 2019; Fitton et al., 2015; Haggag et al., 2023).

			Second, many studies still provide incomplete structural characterization of fucoidan. Without adequate reporting of molecular size distribution, sulfate content, purity, and source, it is difficult to establish reliable structure-activity relationships. Third, there is still a relative scarcity of heat stress-specific mechanistic studies. Much of the current rationale is derived from oxidative and inflammatory injury models that resemble some aspects of heat stress but do not fully reproduce the complexity of thermal injury (Wang et al., 2019; Fitton et al., 2015; Jayasinghe et al., 2022; Haggag et al., 2023).

			Future research should therefore move beyond descriptive antioxidant assessments and adopt more pathway-resolved approaches. Studies should examine Nrf2 nuclear translocation, HO-1 and NQO1 expression, phosphorylation of NF-κB p65 and IκB, activation patterns of p38, JNK, and ERK, mitochondrial membrane potential, cytochrome c release, caspase activation, and the Bax/Bcl-2 balance. Markers related to heat shock response and proteostasis, including HSF1 and HSP70/HSP90, should also be investigated. From a translational perspective, low-molecular-weight and structurally standardized fucoidan preparations may be especially promising, but issues of bioavailability, pharmacokinetics, dose optimization, and safety still require systematic study (Loboda et al., 2016; Wardyn et al., 2015; Knowlton, 2006).

			Overall, future work should focus on structurally well-defined fucoidan, heat stress-relevant experimental models, and integrated validation across redox, inflammatory, mitochondrial, and proteostasis pathways. Such an approach would substantially strengthen both the mechanistic basis and the translational relevance of fucoidan research in heat stress biology (Fitton et al., 2015; Jayasinghe et al., 2022; Haggag et al., 2023; Obluchinskaya and Pozharitskaya, 2024).

			CONCLUSION

			Heat stress is a complex cellular challenge that disrupts homeostasis through tightly interconnected mechanisms involving oxidative stress, inflammatory activation, mitochondrial dysfunction, proteotoxic burden, and apoptosis. These processes do not occur independently, but rather form a redox-inflammatory-mitochondrial network that determines whether cells adapt or progress toward irreversible injury. For this reason, protective strategies against heat stress should ideally target multiple signaling pathways simultaneously rather than focusing on a single molecular event. In this context, fucoidan has emerged as a promising marine-derived bioactive compound with potential relevance to cellular protection under heat stress. Its reported biological activities suggest that fucoidan may attenuate ROS accumulation, enhance Nrf2-dependent antioxidant defense, suppress NF-κB- and MAPK-mediated inflammatory signaling, preserve mitochondrial integrity, and reduce apoptosis-related cascades. These integrated actions provide a strong mechanistic basis for considering fucoidan as a multitarget cytoprotective agent. Nevertheless, current evidence remains constrained by structural heterogeneity of fucoidan preparations and the limited number of studies specifically conducted in heat stress models. Overall, fucoidan may represent a valuable candidate for mitigating heat stress-induced cellular injury, although further pathway-oriented and translational studies are required.
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Abstract | Heat stress is a critical stressor that disrupts cellular homeostasis and induces oxidative damage, inflammatory
responses, mitochondrial dysfunction, and apoptosis. Excessive heat exposure promotes the accumulation of reactive
oxygen species (ROS), impairs endogenous antioxidant systems, and activates redox-sensitive signaling pathways,
including nuclear factor erythroid 2-related factor 2 (Nrf2), nuclear factor kappa B (NF-kB), and mitogen-activated
protein kinases (MAPKs). These interconnected events accelerate cellular injury and compromise adaptive stress
responses. Fucoidan, a sulfated polysaccharide primarily isolated from brown seaweeds, has gained attention as a
bioactive compound with antioxidant, anti-inflammatory, and cytoprotective properties. This review highlights the
molecular basis of heat stress-induced cellular damage and discusses the potential protective role of fucoidan in this
context. Fucoidan may attenuate heat stress-associated injury by reducing ROS accumulation, enhancing Nrf2-
mediated antioxidant defense, suppressing NF-kB-driven inflammatory signaling, modulating MAPK activation,
preserving mitochondrial function, and limiting apoptosis-related pathways. In addition, the biological activity of
fucoidan appears to be influenced by its structural characteristics, particularly molecular weight and degree of sulfation.
Although current evidence supports the therapeutic promise of fucoidan in oxidative and inflammatory injury
models, studies specifically addressing heat stress remain limited. Overall, fucoidan represents a promising multitarget
compound for cellular protection under heat stress and warrants further mechanistic and translational investigation.
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INTRODUCTION organisms, including mammals, birds, aquatic species, and
cultured cells (Figure 1). At the cellular level, excessive heat

I I eat stress is a major biological stressor that adversely ~exposure does not merely represent a thermal challenge,
affects cellular homeostasis in a wide range of but rather initiates a complex stress response involving
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