[image: Frontiers Logo]Post-translational modifications in heat stress-related diseases

REVIEW
published: 22 September 2025
doi: 10.3389/fmolb.2025.1666874
[image: image2]
Post-translational modifications in heat stress-related diseases
Qi Cui1,2†, Keran Jia1, Fang Li1, Jie Zheng3 and Fukun Wang1*
1Clinical Laboratory, Bethune International Peace Hospital, Shijiazhuang, Hebei, China, 2Postdoctoral Mobile Station for Clinical Medicine, Hebei Medical University, Shijiazhuang, Hebei, China, 3Nursing Department, Bethune International Peace Hospital, Shijiazhuang, Hebei, China
Edited by:
Lynda Bourebaba, Wroclaw University of Environmental and Life Sciences, Poland
Reviewed by:
Odutayo Odunuga, Stephen F. Austin State University, United States
Zachary B. Sluzala, Charlotte Lozier Institute, United States
*Correspondence:
 Fukun Wang, wangfk8@sina.com
†ORCID: Qi Cui, orcid.org/0000-0002-9665-2796
Received: 17 July 2025
Accepted: 26 August 2025
Published: 22 September 2025
Citation:
Cui Q, Jia K, Li F, Zheng J and Wang F (2025) Post-translational modifications in heat stress-related diseases. Front. Mol. Biosci. 12:1666874. doi: 10.3389/fmolb.2025.1666874
Post-translational modifications (PTMs) act as pivotal molecular hubs integrating heat stress signals into cellular responses driving heat-related diseases like heatstroke. This review synthesizes evidence demonstrating that dynamic PTM networks—including phosphorylation, acetylation, ubiquitination, methylation, SUMOylation, and S-nitrosylation—orchestrate pathophysiology through three distinctive mechanisms: PTM crosstalk, tissue-specific PTM signatures defining organ vulnerability, and translational utility. The potentials of PTM alterations as novel biomarkers for early diagnosis/prognosis and PTM-targeted interventions as therapeutic strategies are discussed. By delineating how PTMs reconfigure proteostasis, metabolism, and inflammation, this review provides a mechanistic framework for targeting PTM pathways to mitigate heatstroke and related conditions.
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1 INTRODUCTION
Heat stress, the core physiological response of the body to high-temperature environments, exhibits dual effects: moderate heat stress elicits adaptive protective responses, while excessive heat exposure triggers pathological damage. Moderate heat stress can activate the conserved heat shock response (HSR), upregulate molecular chaperones to maintain protein homeostasis, and confer protective tolerance to cells (Singh et al., 2024). However, when heat exposure exceeds physiological limits, it drives pathological damage, inducing protein denaturation, oxidative stress, and systemic inflammation, ultimately causing heatstroke (HS)—a life-threatening condition with core body temperature >40 °C and multi-organ failure (Wang et al., 2025; Baindara et al., 2025). Beyond typical heatstroke, heat stress can exacerbate the pathological processes of cardiovascular events, neurodegenerative diseases, and chronic inflammatory diseases.
In this pathological network—encompassing heat stress-induced protein denaturation, oxidative stress, systemic inflammation, and exacerbated progression of cardiovascular, neurodegenerative, and inflammatory diseases—post-translational modifications (PTMs) act as precise regulators of protein functions. By covalently adding chemical groups such as phosphate, acetyl, and ubiquitin chains, PTMs dynamically control protein activity, localization, stability, and interaction networks, serving as molecular hubs linking heat stress stimuli to cell fate decisions. Recent studies have shown that heat stress can extensively reshape the modification profiles of PTMs such as phosphorylation, acetylation, ubiquitination, methylation, and S-nitrosylation, thereby regulating stress signal transduction, energy metabolism, and cell death programs, ultimately driving organ damage (Yuan et al., 2022; Durham et al., 2008) (Table 1). Therefore, this review focuses on how heat stress disrupts cellular homeostasis and promotes the development of diseases like heatstroke by reconstructing PTM networks. Can these PTM changes serve as novel biomarkers and therapeutic targets? By reviewing the research progress of major PTMs in heat stress-related diseases, particularly heatstroke, this review aims to reveal the pathophysiological significance of PTMs and provide a theoretical basis for in-depth analysis of pathogenesis and the development of targeted intervention strategies.
TABLE 1 | Definitions and brief explanations of key PTMs discussed.	PTM type	Definition	Key regulatory enzymes	Major functions in heat stress-related diseases
	Phosphorylation	Covalent addition of phosphate groups to serine, threonine, or tyrosine residues	Kinases (e.g., p38 MAPK, MK2, ERK); Phosphatases	Regulates HSP activation (e.g., HSP27), signal transduction (e.g., NF-κB pathway), and stress granule assembly
	Acetylation	Addition of acetyl groups to lysine residues	Acetyltransferases; Deacetylases (e.g., HDACs)	Modulates mitochondrial enzyme activity (e.g., TCA cycle enzymes), histone structure, and HSP transcription
	Ubiquitination	Covalent binding of ubiquitin to target proteins	E1 (activating), E2 (conjugating), E3 (ligating) enzymes (e.g., Nedd4, MDM2)	Mediates degradation of misfolded proteins (via UPS) and stress granule disassembly; regulates p53 stability
	Methylation	Addition of methyl groups to lysine/arginine residues	Methyltransferases (e.g., PKMTs, PRMTs); Demethylases	Regulates histone modifications (e.g., H3K4me3) and transcriptional memory of heat adaptation genes
	SUMOylation	Conjugation of SUMO proteins (SUMO1/2/3) to lysine residues	SUMOylases (e.g., Ubc9); DeSUMOylases	Enhances HSF1 transcriptional activity; modulates protein localization and DNA damage repair
	S-nitrosylation	Formation of S-nitrosothiols via reaction of NO with cysteine thiols	Nitric oxide synthase (NOS); GSNOR (denitrosylase)	Alters redox enzyme activity (e.g., GSH-Px); triggers Ca2+leakage via RyR1 modification in heatstroke


2 EFFECTS OF HEAT STRESS ON CELLULAR PROTEIN HOMEOSTASIS AND PTM REGULATORY NETWORKS
Heat stress, as an intense physiological disturbance, impacts cellular protein homeostasis through multi-level mechanisms and profoundly reshapes the dynamic regulatory network of PTMs. When core body temperature rises abnormally, cells first activate the conserved HSR, whose core regulator, heat shock factor 1 (HSF1), is itself precisely controlled by PTMs. Phosphorylation (e.g., p38 MAPK-mediated Ser303/Ser307 sites) and acetylation modifications synergistically regulate HSF1 trimerization, nuclear translocation, and DNA-binding capacity, thereby driving the expression of molecular chaperones HSP70/HSP90 to maintain the folding and repair of damaged proteins (Shao et al., 2020; Brunet Simioni et al., 2009). However, when heat stress intensity exceeds the physiological compensation limit, leading to heatstroke, protein denaturation, misfolding, and aggregation are exacerbated, inducing endoplasmic reticulum stress and mitochondrial dysfunction (Roths et al., 2024; He et al., 2025). At this point, the ubiquitin-proteasome system (UPS) and autophagy pathways are activated to label and degrade abnormal proteins through ubiquitination (Comyn et al., 2014; Maxwell et al., 2021). Notably, heat stress-induced NADPH oxidase activation and mitochondrial reactive oxygen species (ROS) bursts further directly attack cysteine residues through S-nitrosylation, altering the functions of key metabolic enzymes and signaling proteins, forming a vicious cycle of protein homeostasis collapse (Qiao et al., 2022).
The cytoprotective roles of HSPs (e.g., HSP70, HSP90) and small heat shock proteins (sHSPs, e.g., HSP27) are not restricted to heat stress responses. They are widely involved in mitigating pathological processes in other diseases: for instance, HSP70 inhibits protein aggregation in neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease (Lu et al., 2014); HSP27 modulates oxidative stress and inflammation in cardiovascular diseases, including myocardial infarction and atherosclerosis (Zou et al., 2023); and HSP90 regulates oncoprotein stability in various cancers, serving as a therapeutic target (Liang et al., 2024). These conserved functions—such as maintaining protein homeostasis, suppressing excessive inflammation, and inhibiting cell death—align with their roles in heatstroke, where they counteract protein denaturation, oxidative stress storms, and systemic inflammation. However, a detailed analysis of their roles in non-heat stress diseases is beyond the scope of this review, which focuses on their PTM-mediated regulation and functions in heat stress-related pathologies.
At the signal transduction level, heat stress rapidly activates core stress pathways such as MAPK, NF-κB, and AMPK (Li et al., 2024). The cascade reactions of these pathways are essentially dynamic PTM transmission processes. Elizabeth et al. found that high temperatures activate p38 MAPK through phosphorylation cascades, and its downstream target MK2 further phosphorylates Ser82/Ser78 sites of HSP27, promoting stress granule assembly and lysosomal autophagy to clear damaged organelles (Gallagher et al., 2024). Meanwhile, heat stress inhibits AMPK Thr172 phosphorylation in cardiomyocytes, disrupting glucose/lipid metabolism, reducing ATP production, and causing lactic acid accumulation (Tian et al., 2023). These modification events are not isolated but form complex “PTM crosstalk.” SUMOylation of HSF1 at K298 enhances its phosphorylation level, synergistically amplifying heat shock gene transcription (Brunet Simioni et al., 2009); while p53 stability is bidirectionally regulated by phosphorylation activation and MDM2-mediated ubiquitin degradation, determining cell fate under heat stress (Wang and Chen, 2003; Mansky et al., 2023).
Heat stress also indirectly disturbs PTM networks through metabolic reprogramming. Mitochondrial dysfunction reduces NAD+ levels, inhibiting class III deacetylase (Sirtuins) activity, leading to the accumulation of acetylated modifications in metabolic enzymes, which inhibits the tricarboxylic acid cycle and exacerbates energy crises (Martínez-Reyes and Chandel, 2020; Arnold and Finley, 2023). Additionally, heat stress induces histone modification remodeling such as H3K4me3 methylation and H3/H4 acetylation, regulating the transcriptional plasticity of heat adaptation-related genes through epigenetic memory mechanisms and affecting the body’s tolerance to repeated heat stimuli (Friedrich et al., 2021). In summary, heat stress globally disrupts PTM networks by directly modifying key proteins, restructuring PTM enzyme activity, and altering metabolic substrate levels. This process is both a core mechanism of cellular defensive responses and a driving hub of pathological damage.
3 RESEARCH ON THE CORRELATION BETWEEN HEATSTROKE AND PTMS
PTMs refer to processes that chemically modify amino acid residues of proteins after synthesis, altering protein structure and properties through covalent bonding of chemical groups or hydrolysis, thereby regulating protein functions, subcellular localization, stability, transcriptional activity, and interactions with other molecules. Common PTM types include phosphorylation, acetylation, ubiquitination, methylation, glycosylation, SUMOylation, and S-nitrosylation.
3.1 Changes and roles of phosphorylation modifications in heatstroke
As one of the most widely studied post-translational modifications, protein phosphorylation is catalyzed by protein kinases, which transfer phosphate groups from ATP to specific amino acid residues (e.g., serine, threonine, tyrosine) of proteins (Humphrey et al., 2015). The introduced phosphate groups can change protein conformation, activity, and interactions with other proteins or substrates. This modification is often reversible, with dephosphorylation catalyzed by protein phosphatases.
During heatstroke, the phosphorylation levels of numerous signal pathway-related proteins in cells change significantly (Sluzala et al., 2025; Sun et al., 2024). The MAPK pathway, a key cell signaling pathway, is significantly activated, with increased phosphorylation levels of key proteins ERK, JNK, and p38, which regulate the activity of downstream transcription factors, affect the expression of stress-related genes such as heat shock proteins, and participate in the regulation of cellular reactivity and tolerance to heat stress (Zhang and Liu, 2002). HSP27 (HSPB1), a member of the small heat shock protein family, exerts its functions mainly through phosphorylation. In cells exposed to drug toxicity, tumor proliferation, oxidative stress, and heat stress, the phosphorylation sites and aggregation forms of HSP27 vary. Gallagher et al. found that in response to heat stress-induced lysosomal damage, activated p38 MAPK/MK2 phosphorylates Ser135 and Arg136 residues of HSP27 after heat stress. Phosphorylated HSP27 recruits to stressed lysosomes and interacts with p62 bodies on the lysosomal surface, promoting lysosomal autophagy (Gallagher et al., 2024), which is crucial for clearing damaged lysosomes and maintaining cell viability. Although HSP27 is the primary sHSP implicated in heatstroke, other sHSPs like HSPB4 and HSPB5 exhibit protective roles in oxidative stress and proteinopathies (Sluzala et al., 2025; Phadte et al., 2021). Their direct involvement in heat stress remains underexplored and warrants future study. Notably, phosphorylation at specific residues of HSP27 is critical for its functional engagement in heat stress responses. However, it is important to distinguish between these mutant-based approaches and studies of bona fide phosphorylated HSP27: the latter reflects dynamic regulation by upstream kinases in response to heat stress, whereas mutations lock the protein in a static state, potentially overriding physiological feedback loops.
Beyond HSP27, MAPK-mediated phosphorylation also modulates inflammatory pathways, particularly through NF-κB regulation. In high-temperature environments, MAPK/ERK phosphorylates IκBα at Ser74, promoting NF-κB nuclear translocation to activate cell survival-related genes against heat stress and regulate oyster adaptation to environmental temperature changes (Wang et al., 2024). Consistently, Liu et al. found that exposure to high temperatures increases the phosphorylation of NF-κB p65 and IκBα, promoting the expression of the anti-apoptotic protein HSP27 to resist early apoptosis of human umbilical vein endothelial cells (HUVECs) induced by heat stress and maintain body homeostasis (Liu et al., 2015). However, a study on bone marrow macrophages suggested that during heatstroke, systemic inflammatory responses occur, and phosphorylated NF-κB translocates into the nucleus, activating inflammation-related genes and inducing the production of large amounts of pro-inflammatory cytokines such as TNF-α and IL-1β, thereby exacerbating heatstroke-related inflammatory responses and tissue damage (Cooper et al., 2010). Małgorzata et al. quantitatively analyzed on heat shock-induced attenuation of NF-κB signaling in human osteosarcoma cells using real-time single-cell imaging and mathematical modeling, showing that exposure to high temperatures inhibits the function of the NF-κB signaling pathway. The ability of NF-κB p65 to sense TNF-α is weakened, involving mechanisms such as high-temperature-induced IKK denaturation, inhibition of IκB degradation, NF-κB phosphorylation, and nuclear translocation, thereby suppressing the expression of its downstream target genes (Kardyńska et al., 2018; Paszek et al., 2020). In conclusion, high temperatures regulate NF-κB responses in single cells in complex and non-intuitive ways, which need to be considered in hyperthermia-based clinical treatment strategies.
Additionally, a study on the mechanism of organ damage induced by hyperthermia showed that heat stress enhances Z-DNA binding protein 1 (ZBP1) expression by inducing the binding of HSF1 to the promoter of ZBP1 gene, promoting RIPK3 kinase to phosphorylate its substrate mixed lineage kinase domain-like protein (MLKL), inducing various programmed cell deaths, and leading to disseminated intravascular coagulation and multiple organ damage (Yuan et al., 2022). A study on exertional heat stroke (EHS) in mice showed that HS induces delayed glucose and lipid metabolism dysfunction in cardiomyocytes, characterized by glycolytic reprogramming, accumulation of free fatty acids, and impaired tricarboxylic acid cycle (Laitano et al., 2020). Under normal circumstances, AMPK phosphorylation (e.g., at Thr172) is known to promote glucose uptake and fatty acid oxidation to increase ATP production (Rodríguez et al., 2021); in the context of heat stress, AMPK inhibition is associated with enhanced glycolysis, lactic acid accumulation, increased fatty acid synthesis, and reduced β-oxidation, leading to energy interruption, cell death, and cardiac dysfunction. Therefore, promoting AMPK Thr172 phosphorylation may be a potential strategy to alleviate HS-induced myocardial damage, based on its known roles in regulating glucose and lipid metabolism (Tian et al., 2023; Zheng et al., 1985; Roths et al., 2023).
3.2 Changes and roles of acetylation modifications in heatstroke
Acetylation modifications typically occur on lysine residues of proteins, with acetyltransferases transferring acetyl groups from acetyl-CoA to target proteins, affecting protein stability, DNA-binding capacity, and subcellular localization (Shang et al., 2022). Reversible regulation by deacetylases is also involved.
Studies have shown that during heatstroke, the acetylation levels of some metabolic enzymes in mitochondria change, affecting mitochondrial energy metabolism (Fang et al., 2024). Acetylation of key enzymes involved in the tricarboxylic acid cycle inhibits their activity, reducing cellular energy production and exacerbating cellular dysfunction induced by heat stress (Nunes-Nesi et al., 2013; Xiong and Guan, 2012). Pyruvate dehydrogenase (PDH), a key enzyme in cellular metabolism involved in the oxidative decarboxylation of pyruvate in glucose metabolism, is inhibited in acetylation levels by heat stress, leading to reduced enzyme activity, blocked pyruvate oxidative decarboxylation, and impaired cellular energy metabolism (Zhou et al., 2025). Due to the inability of cells to efficiently convert pyruvate into acetyl-CoA for entry into the tricarboxylic acid cycle to produce energy, cells suffer from insufficient energy supply in high-temperature environments, exacerbating heatstroke-induced cell and tissue damage.
In the nucleus, histone acetylation levels also change due to heatstroke, affecting chromatin structure and gene transcriptional activity, influencing the expression of heat stress-related genes such as heat shock proteins, and participating in the body’s overall response to heat damage (Mundhara et al., 2021). Gene expression is a complex process executed by a group of transcription factors, which initiate divergent transcription from the core promoter regions of promoters and enhancers. Anniina et al. found that heat stress increases the acetylation levels of histones H3 and H4, loosening chromatin structure to promote transcription (Vihervaara et al., 2017). They also found that genes show distinct transcriptional directionality at core promoters, selectively assembling general transcription factors. A study in Caenorhabditis elegans found that histone deacetylase (HDAC) is necessary for activating the mitochondrial unfolded protein response during heat stress and induces the transcription of unfolded protein response-related gene ChIP by interacting with the genome organizer DVE-1, promoting innate immunity and extending lifespan (Shao et al., 2020). Meanwhile, the conserved evolutionary mechanism of HDAC1/2 in regulating mitochondrial homeostasis and longevity is presumably applicable to mammals. Additionally, acetylation of Hsp90 at K27 in Aspergillus fumigatus renders invasive aspergillus sensitive to heat stress; inhibiting Hsp90 deacetylation and increasing its acetylation levels can inhibit the growth of Aspergillus fumigatus and its resistance to azoles and echinocandins in vitro (Lamoth et al., 2014).
3.3 Changes and roles of ubiquitination modifications in heatstroke
Ubiquitination involves the covalent binding of ubiquitin molecules (a small protein consisting of 76 amino acids) to target proteins through the combined action of ubiquitin-activating enzymes, ubiquitin-conjugating enzymes, and ubiquitin ligases. Labeled target proteins are often recognized and degraded by the proteasome, regulating protein stability and levels, and playing important roles in numerous physiological processes such as cell cycle, immune response, and signal transduction (Damgaard, 2021).
Heat stress can induce ubiquitination of some damaged or misfolded proteins in cells, which are then degraded by the proteasome system to clear proteins that may adversely affect cellular functions and maintain the relative stability of the intracellular environment (Comyn et al., 2014). Nedd4 is one of the main E3 ligases inducing ubiquitination under heat stress. Fang et al. found that Nedd4 mainly targets cytoplasmic proteins under heat stress, and this ubiquitination process requires the involvement of the Hsp40 co-chaperone protein Ydj1, while specific binding motifs in substrates (PY Nedd4-binding motifs) also promote ubiquitination (Fang et al., 2014). The tumor suppressor p53 plays an important regulatory role in cellular stress responses, abnormal cell proliferation, and DNA damage. In normal cells, p53 is maintained at low expression levels through rapid degradation via the ubiquitin-dependent proteasome pathway (Wang et al., 2022). Under stimuli such as ionizing radiation and heat stress, p53 is activated as a transcription factor and induces the expression of genes such as p21, WAF1, gadd45, bax, p53AIP, and PUMA, thereby triggering cell cycle arrest and apoptosis (Mansky et al., 2023; Brooks and Gu, 2011). Wang et al. found that heat stress inhibits MDM2-mediated ubiquitination of p53, suppressing p53 degradation and leading to intracellular p53 accumulation to maintain stable p53 expression after heat stress (Wang and Chen, 2003).
Ubiquitination is crucial for the recovery of cellular activity after heatstroke. Eukaryotic cells respond to various cellular stresses by downregulating key cellular activities and sequestering cytoplasmic mRNA into structures called stress granules, accompanied by a global increase in ubiquitination (Shalgi et al., 2014; Zhang et al., 2018). Researchers from St. Jude Children’s Research Hospital used tandem ubiquitin binding entity (TUBE) proteomics—a method employing high-affinity ubiquitin-binding matrices to enrich and profile ubiquitinated substrates—to study ubiquitination changes in heat stress responses of in vitro cultured mammalian cells, detailing heatstroke-specific ubiquitination patterns (Maxwell et al., 2021). In human embryonic kidney 293T cells, they found that ubiquitinated proteins under heat stress are enriched in stress granules; when cellular activity recovers after heat stress, heat shock-induced ubiquitination is a prerequisite for p97/valosin-containing protein (VCP)-mediated stress granule disassembly and the restoration of normal cellular activities such as nucleocytoplasmic transport and protein translation (Maxwell et al., 2021).
However, in severe heatstroke with excessive heat damage, the ubiquitin-proteasome system may be overloaded or dysfunctional, leading to excessive ubiquitination and degradation of normally functioning proteins, thereby affecting normal cellular metabolism, signal transduction, and other physiological processes, and exacerbating organ function damage (Kuechler et al., 2021; Li et al., 2022). When cells are damaged by heat stress, HSP70 expression levels increase, and its ubiquitination levels also change (Nitika et al., 2020; Zhang et al., 2015). Under normal circumstances, HSP70 helps proteins fold correctly and prevents protein aggregation. However, when misfolded proteins increase, these proteins are ubiquitinated, and HSP70 interacts with these ubiquitinated proteins (Alagar Boopathy et al., 2022). On one hand, HSP70 clears heat-induced abnormal proteins through the ubiquitin-proteasome system to maintain intracellular stability; on the other hand, if ubiquitination is dysregulated, excessive ubiquitination leads to excessive degradation of HSP70 itself, reducing cellular protein folding and repair capabilities, making cells more vulnerable to heat damage and exacerbating the condition (Shi et al., 2011).
Additionally, In et al. found that heat stress promotes the E3 ubiquitin ligase RNF20/40 to act with its corresponding E2 ubiquitin-conjugating enzyme RAD6, monoubiquitinating lysine 381 of the heat shock transcription factor eEF1BδL and recruiting p-TEFb to the promoter region, thereby enhancing gene transcription (In et al., 2019). Furthermore, eEF1BδL and RNF20/40 interact with HSF1 to jointly promote the expression of heat shock genes (In et al., 2019).
3.4 Changes and roles of methylation modifications in heatstroke
Protein methylation refers to the transfer of methyl groups to specific amino acid residues (e.g., lysine, arginine) of proteins by methyltransferases (MTs). Based on differences in substrate amino acids, methyltransferases are classified into protein lysine methyltransferases (PKMTs) and protein arginine methyltransferases (PRMTs). Additionally, amino acids that can undergo methylation include histidine and aspartic acid. Methylation can change protein charge, structure, and interactions with other molecules, participating in gene expression regulation, cell differentiation, and other biological processes, with demethylation mechanisms also existing (Murn and Shi, 2017).
As nuclear proteins binding to DNA, post-translational modifications of histone N-terminal tails are key mechanisms regulating gene transcription and synergize with DNA methylation to participate in chromatin state regulation. Histone modifications play important roles in heat adaptation (AC), deacclimation (DeAC), and reacclimation (ReAC) related to heatstroke. Under moderate heat stimulation, the HSFA2 and HSFA3 complex in Arabidopsis thaliana promotes transcriptional memory by inducing high methylation of histone H3 lysine 4 (H3K4) to maintain body homeostasis (Friedrich et al., 2021). Additionally, histone release related to histone modifications can serve as a marker of heatstroke severity: serum histone levels in EHS dogs are significantly positively correlated with disease severity biomarkers (Bruchim et al., 2017a); histone H3 levels in plasma exosomes of EHS patients are closely related to organ dysfunction and disease severity [area under the curve (AUC) = 0.925 ] (Li et al., 2021).
3.5 Changes and roles of SUMOylation modifications in heatstroke
Small Ubiquitin-like Modifier (SUMO) modification, a core form of PTMs, is the covalent binding of three homologous proteins (SUMO1, SUMO2, SUMO3) to target proteins, regulating their subcellular localization, functions, and interaction networks (Wu and Huang, 2023). In heat stress responses, SUMO2/3 exhibit significant functional specificity, with only these two involved in heat stress responses, driving spatial rearrangement and functional remodeling of target proteins through the formation of poly-SUMO chains, providing key insights into the molecular pathological mechanisms of heatstroke (Liebelt et al., 2019).
Heatstroke, the terminal stage of extreme heat stress, can induce extensive remodeling of intracellular SUMOylation profiles. Yin et al. showed that high-temperature stimulation triggers SUMO2/3 modification of hundreds of proteins (e.g., 574 heat stress-responsive substrates identified by proteomics), involving core pathways such as cell cycle regulation, apoptotic signal transduction, protein folding/transport, and DNA damage repair (Fritah et al., 2014; Yin et al., 2012; Domingues et al., 2015; Golebiowski et al., 2009; Golebiowski et al., 2004; Gołebiowski et al., 2003). Brunet et al. found that SUMO2/3 modifies HSF1 (K298 site) and promotes its phosphorylation (S303/S307 sites), thereby enhancing heat shock gene transcriptional activity (Brunet Simioni et al., 2009). They further demonstrated that SUMO2/3 alleviates heat stress-induced genomic damage by modifying the DNA repair protein PARP1. SUMOylation of HSF1 at K298 represents a key regulatory node in heat shock gene transcription. Studies using SUMOylation-blocking mutations (K298R) have demonstrated abrogated HSF1 phosphorylation at S303/S307 and reduced transcriptional activity of heat shock genes, confirming the functional synergy between SUMOylation and phosphorylation (Brunet Simioni et al., 2009). Conversely, a phospho-mimicking mutation at S303/S307 (Ser→Asp) partially rescues the transcriptional defect caused by K298R, indicating hierarchical crosstalk between these modifications (Brunet Simioni et al., 2009). However, these mutations differ from bona fide SUMOylated/phosphorylated HSF1: native modifications are reversible and spatially restricted, whereas mutations induce constitutive changes that may disrupt context-dependent regulation. Liu et al. confirmed through animal models that the incidence of heat convulsions in SUMO-overexpressing mice is significantly lower than in wild-type mice, with prolonged convulsion latency and shortened duration (Zhang et al., 2017; Liu et al., 2017) (Table 2).
TABLE 2 | Relevant PTM sites on major HSPs in heat stress-related diseases.	HSP/Regulator	PTM type	Specific Site(s)	Regulatory mechanism & function in heat stress	References
	HSP27	Phosphorylation	Ser135, Arg136	Phosphorylated by p38 MAPK/MK2; recruits to stressed lysosomes, interacts with p62, promotes lysosomal autophagy	Gallagher et al. (2024)
		Phosphorylation	Ser82, Ser78	Phosphorylated by MK2; promotes stress granule assembly and clearance of damaged organelles	Gallagher et al. (2024)
	HSP70	Ubiquitination	Multiple sites	Ubiquitinated by CHIP; clears heat-induced misfolded proteins via UPS; excessive ubiquitination reduces its chaperone activity	Brooks and Gu (2011), Kuechler et al. (2021)
	HSP90	Acetylation	K27 (in Aspergillus fumigatus)	Inhibits growth and drug resistance under heat stress; potential conservation in mammalian HSP90	Mundhara et al. (2021)
	HSF1	Phosphorylation	Ser303, Ser307	Mediated by p38 MAPK; promotes trimerization, nuclear translocation, and transcriptional activation of HSP genes	Brunet Simioni et al. (2009)
		SUMOylation	K298	Enhances phosphorylation at Ser303/307; synergistically amplifies heat shock gene transcription	Brunet Simioni et al. (2009)


3.6 Changes and roles of S-Nitrosylation modifications in heatstroke
S-nitrosylation is a redox-sensitive reversible PTM in which NO or its derivatives react with cysteine thiols (-SH) of substrate proteins to form S-nitrosothiols (SNO) (Benhar et al., 2009). Under physiological conditions, S-nitrosylation regulates protein functions by affecting protein structure, stability, subcellular localization, transcriptional activity, and intermolecular interactions (Haldar and Stamler, 2013; Tang et al., 2023). S-nitrosylation is involved in the occurrence and development of various liver diseases, and its role must be discussed for specific substrates in specific environments (Cui et al., 2024; Kim et al., 2000).
High temperatures promote the generation of superoxide anions (O2−) by activating NADPH oxidase (NOX) and inducing mitochondrial dysfunction (Kellogg et al., 1985; Hall et al., 2001). O2− reacts with NO to form peroxynitrite (ONOO−), exacerbating nitrosative stress and driving S-nitrosylation (Foster and Stamler, 2004). Meanwhile, heat stress induces the release of various inflammatory mediators such as TNF-α and IL-6, stimulating the expression and activity of nitric oxide synthase (NOS) (Alzeer et al., 1999). NOS catalyzes the production of NO from L-arginine, increasing local intracellular NO concentration (Hall et al., 2001; Alzeer et al., 1999; Epstein and Yanovich, 2019), which then reacts with protein cysteine residues to form SNO. The activity and function of some intracellular redox enzymes are also affected and altered, such as reduced content and activity of glutathione (GSH) and its related enzymes (glutathione peroxidase (GSH-Px), glutathione reductase (GR), and S-nitrosoglutathione reductase (GSNOR)) in the important intracellular antioxidant defense system (Song et al., 2022). This disrupts intracellular redox balance, altering the oxidation state of sulfur-containing compounds in cells, which is conducive to the formation of S-nitrosoglutathione (GSNO) (Hess and Stamler, 2012). GSNO, an efficient NO donor, transfers SNO groups to protein cysteine residues through transnitrosylation. Additionally, under oxidative stress and metabolic disorders caused by heatstroke, intracellular pH changes affect protein charge distribution and conformation, making proteins containing cysteine residues more likely to expose their reactive sites, thereby increasing reactivity with NO or other enzymatic reagents (Bruchim et al., 2017b). These factors provide an environmental basis for S-nitrosylation induced by heat stress.
Research on protein S-nitrosylation in heatstroke is relatively limited. William et al. showed that the RyR1 Y522S mutation leads to sarcoplasmic reticulum Ca2+ leakage, increasing cytoplasmic Ca2+ and activating NOS, promoting the production of reactive nitrogen species (RNS), and thereby inducing S-nitrosylation of RyR1 (Durham et al., 2008). This modification significantly increases the temperature sensitivity of the mutant RyR1 channel, making it more prone to opening at high temperatures, further exacerbating Ca2+ leakage, and forming a positive feedback loop of “Ca2+ leakage→RNS↑→S-nitrosylation→exacerbated Ca2+ leakage.” This loop causes persistent muscle rigidity, rhabdomyolysis, and mitochondrial damage (swelling, lipid peroxidation), ultimately leading to multiple organ failure and sudden death (Durham et al., 2008). The antioxidant N-acetylcysteine (NAC) can block this process and alleviate heatstroke phenotypes in mice, highlighting the important role of protein S-nitrosylation in heatstroke (Durham et al., 2008).
3.7 PTM crosstalk in heat stress
PTM crosstalk plays a critical role in integrating heat stress signals, as exemplified by several key interactions. SUMOylation of HSF1 at K298 enhances its phosphorylation at Ser303/307, synergistically amplifying heat shock gene transcription (Brunet Simioni et al., 2009); p53 stability is bidirectionally regulated by phosphorylation (which promotes activation) and MDM2-mediated ubiquitination (which drives degradation), collectively determining cell fate under heat stress (Wang and Chen, 2003); and phosphorylation of HSP27 facilitates its interaction with ubiquitinated p62, linking autophagy to stress granule clearance (Gallagher et al., 2024). Notably, PTMs exhibit distinct tissue and stage specificity: early heat stress is dominated by protective PTMs such as HSP27 phosphorylation (which promotes autophagy), whereas severe heatstroke is characterized by pathogenic PTMs, including S-nitrosylation of RyR1 in muscle and hypophosphorylation of AMPK in the heart (Durham et al., 2008; Tian et al., 2023). Tissue-specific PTM patterns further emerge, with histone modifications (e.g., H3K4me3) driving transcriptional memory in the brain and S-nitrosylation dominating redox imbalance in the liver (Li et al., 2021; Foster and Stamler, 2004). However, unresolved questions remain, such as the divergent regulation of NF-κB (activation in endothelium vs inhibition in osteosarcoma cells under high temperature), which may stem from cell-type-specific PTM crosstalk (Liu et al., 2015; Kardyńska et al., 2018), and the unclear relationship (mutually exclusive or cooperative) between HSP27 phosphorylation and SUMOylation. These PTM crosstalk mechanisms—such as the enhancement of HSF1 phosphorylation by SUMOylation and the coordination of HSP27 phosphorylation with p62 ubiquitination—are visually summarized in the figure illustrating post-translational modifications of heat shock proteins and their functional roles in heat stress responses (Figure 1).
[image: Diagram illustrating cellular response to heat stress. It shows latent monomeric HSF1 converting to a trimer in the nucleus, interacting with HSP27, forming large oligomers, and interacting with SUMO-2/3. HSE activation is shown as blocked. Heat stress also leads to ROS formation, p38 and MK2 phosphorylation, and HSP27 phosphorylation, promoting lysophagy via p62. HSP70 interacts with CHIP in the mitochondria, leading to ubiquitination and proteasome involvement.]FIGURE 1 | Post-translational modifications (PTMs) of heat shock proteins (HSPs) and their functional roles in heat stress responses. Heat stress triggers dynamic PTMs of HSPs and their regulators, orchestrating cytoprotective and pathogenic outcomes. Catalyzed by SUMOylases, SUMO2/3 modification of HSF1 enhances its phosphorylation at Ser303/307 (via p38 MAPK) (Brunet Simioni et al., 2009), promoting trimerization, nuclear translocation, and binding to heat shock elements (HSEs) on HSP gene promoters. Phospho-mimicking mutations rescue transcriptional activity, while SUMO-blocking mutations (K298R) abrogate this synergy, highlighting PTM crosstalk. Activated p38 MAPK/MK2 phosphorylates HSP27, driving its recruitment to stressed lysosomes (Gallagher et al., 2024). Phosphorylated HSP27 interacts with ubiquitinated p62, promoting lysosomal autophagy to clear damaged organelles. MK2-mediated phosphorylation induces HSP27 oligomer disassembly, facilitating stress granule assembly and clearance of misfolded proteins. CHIP (E3 ligase) ubiquitinates HSP70, targeting misfolded proteins for proteasomal degradation (Brooks and Gu, 2011; Kuechler et al., 2021). Excessive ubiquitination reduces HSP70 chaperone activity, exacerbating protein aggregation.4 PTMS AS BIOMARKERS AND THERAPEUTIC TARGETS FOR HEAT STRESS-RELATED DISEASES
4.1 PTMs as biomarkers for diagnosis and prognosis
The dynamic landscape of PTMs in heat stress-related diseases presents dual translational value: as precision biomarkers for early diagnosis and as therapeutic targets for intervention. Specific PTM alterations exhibit strong correlations with disease severity, enabling prognostic stratification beyond traditional biomarkers (Maxwell et al., 2021; Li et al., 2021). For instance, elevated histone H3 levels in plasma exosomes (AUC = 0.925) sensitively reflect multi-organ dysfunction in EHS patients (Li et al., 2021), while heat stress-induced ubiquitination profiles provide molecular fingerprints for early warning (Maxwell et al., 2021). These findings position PTM-based detection methods—such as phosphorylation site quantification and SUMOylation substrate mapping—as promising tools for clinical risk assessment.
4.2 PTMs as therapeutic targets: Interventions and challenges
Therapeutic strategies targeting PTM networks show significant potential but face translational challenges. Experimental interventions include.
	• S-Nitrosylation inhibition via N-acetylcysteine (NAC), which disrupts RyR1-mediated Ca2+ leakage and reduces mortality in preclinical models (Durham et al., 2008).
	• Phosphorylation restoration using metformin to activate AMPK Thr172 phosphorylation, reversing cardiac metabolic dysfunction (Tian et al., 2023).
	• Epigenetic modulation with HDAC inhibitors (e.g., vorinostat) to enhance HSP70 expression and proteostasis (Shao et al., 2020).
	• SUMOylation/ubiquitination modulation through small molecules targeting HSF1 activation or p53-MDM2 regulation (Brunet Simioni et al., 2009; Brooks and Gu, 2011).

However, these approaches confront challenges of specificity (e.g., p38 MAPK inhibitors disrupting both protective and pathogenic pathways), tissue delivery limitations (requiring nanocarriers for organ-targeted therapy), off-target effects (e.g., HDAC inhibitors altering epigenetic memory), and validation hurdles (necessitating large cohort studies for PTM-based biomarkers).
4.3 Integration of mutant studies and bona fide PTM analyses
Critical insights into PTM mechanisms derive from studies employing PTM-mimicking mutants and PTM-deficient variants. While such mutants establish site-specific roles, they cannot replicate the dynamic, enzyme-regulated nature of native PTMs—where kinase/phosphatase cycles or SUMOylation/deSUMOylation balances adapt to physiological cues. Thus, integrating mutant data with analyses of bona fide modified proteins (e.g., S-nitrosylated RyR1 (Durham et al., 2008) or ubiquitinated stress granules (Maxwell et al., 2021)) provides a comprehensive understanding of PTM functionality in heat stress pathologies.
4.4 Organ-specific PTM patterns in therapeutic translation
Organ-specific PTM patterns play distinct roles in mediating heat stress-induced pathophysiology across vulnerable tissues. In the heart, heatstroke inhibits AMPK phosphorylation at Thr172, shifting myocardial metabolism toward glycolysis, which leads to lactic acid accumulation and cardiac dysfunction (Tian et al., 2023; Laitano et al., 2020; Zheng et al., 1985; Roths et al., 2023); conversely, phosphorylation of HSP27 at Ser135 in cardiomyocytes confers protection against lysosomal damage (Gallagher et al., 2024). In the brain, heat stress enhances acetylation of histones H3 and H4, which loosens chromatin structure to promote transcription of neuroprotective genes (Li et al., 2021), while plasma exosomal levels of histone H3 correlate with the severity of cerebral edema, serving as a potential prognostic marker. In the liver, S-nitrosylation of antioxidant enzymes (e.g., glutathione peroxidase) impairs redox homeostasis, exacerbating hepatic inflammatory responses (Foster and Stamler, 2004); additionally, ubiquitination of hepatic stress granule proteins is critical for restoring cellular function during post-heat recovery (Maxwell et al., 2021) (Table 3).
TABLE 3 | Comparative summary of PTMs in heat stress-related diseases.	PTM type	Modifying enzymes	Target proteins	Biological effects	Tissue involvement	Clinical relevance	Potential in drug development	References
	Phosphorylation	p38 MAPK, MK2, ERK, AMPK	HSP27 (Ser135), NF-κB p65, AMPK (Thr172)	Regulates autophagy (HSP27), inflammation (NF-κB), metabolism (AMPK)	Heart, endothelium	AMPK activators as potential cardioprotectants; p-p65 as inflammation marker	Kinase activators (e.g., metformin for AMPK) or inhibitors (e.g., p38 MAPK inhibitors)	Gallagher et al. (2024), Tian et al. (2023), Wang et al. (2024)
	Acetylation	HDACs, acetyltransferases	Histones (H3/H4), PDH	Alters transcription (histones), inhibits energy metabolism (PDH)	Brain, liver	HDAC inhibitors to enhance HSP expression; acetyl-PDH as metabolic marker	HDAC inhibitors (e.g., vorinostat) to enhance HSP expression	Shao et al. (2020), Xiong and Guan. (2012), In et al. (2019)
	Ubiquitination	Nedd4, MDM2, RNF20/40	Misfolded proteins, p53, eEF1BδL	Clears damaged proteins (UPS), regulates p53 stability, enhances HSP transcription	Ubiquitous, stress granules	Ubiquitin profiles as early warning markers; p53 stabilizers in therapy	E3 ligase modulators (e.g., targeting MDM2 for p53 stabilization)	Maxwell et al. (2021), Wang and Chen. (2003), Lamoth et al. (2014), Kuechler et al. (2021)
	SUMOylation	Ubc9, SUMOylases	HSF1 (K298), PARP1	Amplifies heat shock response (HSF1), repairs DNA (PARP1)	Ubiquitous	SUMO2/3 modulators to reduce heat convulsions	SUMOylases/deSUMOylases modulators to mitigate heat-induced genomic damage	Brunet Simioni et al. (2009), Fritah et al. (2014), Yin et al. (2012)
	S-nitrosylation	NOS, GSNOR	RyR1, GSH-Px	Triggers Ca2+leakage (RyR1), impairs antioxidant defense (GSH-Px)	Skeletal muscle, liver	NAC as inhibitor (clinical use in animal models); SNO-RyR1 as severity marker	NAC (blocks S-nitrosylation) for reducing heatstroke mortality	Durham et al. (2008), Zhang et al. (2017), Haldar and Stamler. (2013)


5 CONCLUSION AND OUTLOOK
This article comprehensively elaborates on the core roles of PTMs such as phosphorylation, acetylation, ubiquitination, methylation, SUMOylation, and S-nitrosylation in heat stress-related diseases. Studies have shown that heat stress dynamically reshapes the functional states of key proteins (e.g., HSF1, NF-κB, p53) by affecting modification enzyme networks such as kinases/phosphatases and acetyltransferases/deacetylases, thereby regulating pathophysiological processes including cellular stress responses, metabolic adaptation, inflammatory storms, and programmed death (Wang et al., 2024; Liu et al., 2015; Lamoth et al., 2014). These PTMs are not only molecular hubs linking high-temperature stimulation and multi-organ damage but also their temporal changes in modification profiles can serve as “molecular rulers” for evaluating disease progression.
Current research still has significant limitations. Firstly, most mechanisms are based on cell or animal models, lacking dynamic PTM profiles at the tissue level in heatstroke patients. Secondly, the crosstalk between different PTMs has not been analyzed in the context of heat stress. Thirdly, research on organ-specific modifications, such as differential regulatory networks in brain, liver, and heart damage, is insufficient. Future studies should also focus on mutational analyses of key PTM sites (e.g., HSP27 Ser135) to clarify their causal roles in heat stress responses. And should focus on combining modification omics with single-cell sequencing technology to map spatiotemporal modification profiles at different stages of heat stress; develop in vivo in situ PTM imaging methods to track the causal relationship between modification changes and organ damage; design tissue-specific nanocarriers to precisely regulate PTM enzyme activity in diseased organs; and further explore the application value of PTM biomarkers such as exosomal histone modifications in early diagnosis and stratified treatment of heatstroke. Through interdisciplinary research, PTM regulatory networks are expected to become a key breakthrough in deciphering the pathological code of heat stress diseases, providing new targets for prevention and treatment strategies.
AUTHOR CONTRIBUTIONS
QC: Conceptualization, Writing – review and editing, Writing – original draft. KJ: Resources, Writing – review and editing, Investigation. FL: Writing – original draft, Methodology, Investigation. JZ: Writing – review and editing, Formal Analysis, Project administration, Supervision. FW: Writing – review and editing, Conceptualization.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by grants from the Medical Science Research Project of Hebei (No. 20261420).
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Alagar Boopathy, L. R., Jacob-Tomas, S., Alecki, C., and Vera, M. (2022). Mechanisms tailoring the expression of heat shock proteins to proteostasis challenges. J. Biol. Chem. 298 (5), 101796. doi:10.1016/j.jbc.2022.101796

	Alzeer, A. H., Al-Arifi, A., Warsy, A. S., Ansari, Z., Zhang, H., and Vincent, J. L. (1999). Nitric oxide production is enhanced in patients with heat stroke. Intensive Care Med. 25 (1), 58–62. doi:10.1007/s001340050787

	Arnold, P. K., and Finley, L. W. S. (2023). Regulation and function of the mammalian tricarboxylic acid cycle. J. Biol. Chem. 299 (2), 102838. doi:10.1016/j.jbc.2022.102838

	Baindara, P., Jana, A., Dinata, R., and Mandal, S. M. (2025). Heatstroke-induced inflammatory response and therapeutic biomarkers. Biomedicines 13 (2), 261. doi:10.3390/biomedicines13020261

	Benhar, M., Forrester, M. T., and Stamler, J. S. (2009). Protein denitrosylation: enzymatic mechanisms and cellular functions. Nat. Rev. Mol. Cell Biol. 10 (10), 721–732. doi:10.1038/nrm2764

	Brooks, C. L., and Gu, W. (2011). p53 regulation by ubiquitin. FEBS Lett. 585 (18), 2803–2809. doi:10.1016/j.febslet.2011.05.022

	Bruchim, Y., Ginsburg, I., Segev, G., Mreisat, A., Avital, Y., Aroch, I., et al. (2017a). Serum histones as biomarkers of the severity of heatstroke in dogs. Cell Stress Chaperones 22 (6), 903–910. doi:10.1007/s12192-017-0817-6

	Bruchim, Y., Horowitz, M., and Aroch, I. (2017b). Pathophysiology of heatstroke in dogs - revisited. Temp. (Austin) 4 (4), 356–370. doi:10.1080/23328940.2017.1367457

	Brunet Simioni, M., De Thonel, A., Hammann, A., Joly, A. L., Bossis, G., Fourmaux, E., et al. (2009). Heat shock protein 27 is involved in SUMO-2/3 modification of heat shock factor 1 and thereby modulates the transcription factor activity. Oncogene 28 (37), 3332–3344. doi:10.1038/onc.2009.188

	Comyn, S. A., Chan, G. T., and Mayor, T. (2014). False start: cotranslational protein ubiquitination and cytosolic protein quality control. J. Proteomics 100, 92–101. doi:10.1016/j.jprot.2013.08.005

	Cooper, Z. A., Ghosh, A., Gupta, A., Maity, T., Benjamin, I. J., Vogel, S. N., et al. (2010). Febrile-range temperature modifies cytokine gene expression in LPS-stimulated macrophages by differentially modifying NF-{kappa}B recruitment to cytokine gene promoters. Am. J. Physiol. Cell Physiol. 298 (1), C171–C181. doi:10.1152/ajpcell.00346.2009

	Cui, Q., Jiang, T., Xie, X., Wang, H., Qian, L., Cheng, Y., et al. (2024). S-nitrosylation attenuates pregnane X receptor hyperactivity and acetaminophen-induced liver injury. JCI Insight 9 (2), e172632. doi:10.1172/jci.insight.172632

	Damgaard, R. B. (2021). The ubiquitin system: from cell signalling to disease biology and new therapeutic opportunities. Cell Death Differ. 28 (2), 423–426. doi:10.1038/s41418-020-00703-w

	Domingues, P., Golebiowski, F., Tatham, M. H., Lopes, A. M., Taggart, A., Hay, R. T., et al. (2015). Global reprogramming of host SUMOylation during influenza virus infection. Cell Rep. 13 (7), 1467–1480. doi:10.1016/j.celrep.2015.10.001

	Durham, W. J., Aracena-Parks, P., Long, C., Rossi, A. E., Goonasekera, S. A., Boncompagni, S., et al. (2008). RyR1 S-nitrosylation underlies environmental heat stroke and sudden death in Y522S RyR1 knockin mice. Cell 133 (1), 53–65. doi:10.1016/j.cell.2008.02.042

	Epstein, Y., and Yanovich, R. (2019). Heatstroke. N. Engl. J. Med. 380 (25), 2449–2459. doi:10.1056/NEJMra1810762

	Fang, N. N., Chan, G. T., Zhu, M., Comyn, S. A., Persaud, A., Deshaies, R. J., et al. (2014). Rsp5/Nedd4 is the main ubiquitin ligase that targets cytosolic misfolded proteins following heat stress. Nat. Cell Biol. 16 (12), 1227–1237. doi:10.1038/ncb3054

	Fang, W., Yin, B., Fang, Z., Tian, M., Ke, L., Ma, X., et al. (2024). Heat stroke-induced cerebral cortex nerve injury by mitochondrial dysfunction: a comprehensive multi-omics profiling analysis. Sci. Total Environ. 919, 170869. doi:10.1016/j.scitotenv.2024.170869

	Foster, M. W., and Stamler, J. S. (2004). New insights into protein S-nitrosylation. Mitochondria as a model system. J. Biol. Chem. 279 (24), 25891–25897. doi:10.1074/jbc.M313853200

	Friedrich, T., Oberkofler, V., Trindade, I., Altmann, S., Brzezinka, K., Lämke, J., et al. (2021). Heteromeric HSFA2/HSFA3 complexes drive transcriptional memory after heat stress in Arabidopsis. Nat. Commun. 12 (1), 3426. doi:10.1038/s41467-021-23786-6

	Fritah, S., Lhocine, N., Golebiowski, F., Mounier, J., Andrieux, A., Jouvion, G., et al. (2014). Sumoylation controls host anti-bacterial response to the gut invasive pathogen Shigella flexneri. EMBO Rep. 15 (9), 965–972. doi:10.15252/embr.201338386

	Gallagher, E. R., Oloko, P. T., Fitch, T. C., Brown, E. M., Spruce, L. A., and Holzbaur, E. L. F. (2024). Lysosomal damage triggers a p38 MAPK-dependent phosphorylation cascade to promote lysophagy via the small heat shock protein HSP27. Curr. Biol. 34 (24), 5739–5757.e8. doi:10.1016/j.cub.2024.10.061

	Gołebiowski, F., Szulc, A., Sakowicz, M., Szutowicz, A., and Pawełczyk, T. (2003). Expression level of Ubc9 protein in rat tissues. Acta Biochim. Pol. 50 (4), 1065–1073.

	Golebiowski, F., Szulc, A., Szutowicz, A., and Pawelczyk, T. (2004). Ubc9-induced inhibition of diadenosine triphosphate hydrolase activity of the putative tumor suppressor protein Fhit. Arch. Biochem. Biophys. 428 (2), 160–164. doi:10.1016/j.abb.2004.05.020

	Golebiowski, F., Matic, I., Tatham, M. H., Cole, C., Yin, Y., Nakamura, A., et al. (2009). System-wide changes to SUMO modifications in response to heat shock. Sci. Signal 2 (72), ra24. doi:10.1126/scisignal.2000282

	Haldar, S. M., and Stamler, J. S. (2013). S-nitrosylation: integrator of cardiovascular performance and oxygen delivery. J. Clin. Invest 123 (1), 101–110. doi:10.1172/JCI62854

	Hall, D. M., Buettner, G. R., Oberley, L. W., Xu, L., Matthes, R. D., and Gisolfi, C. V. (2001). Mechanisms of circulatory and intestinal barrier dysfunction during whole body hyperthermia. Am. J. Physiol. Heart Circ. Physiol. 280 (2), H509–H521. doi:10.1152/ajpheart.2001.280.2.H509

	He, Y. X., Zhang, Z. Q., Zheng, X. X., Huang, F., Yu, X. C., et al. (2025). CHPG’s role in regulating apoptosis in heat-stressed microglia through endoplasmic reticulum stress: a new perspective. IBRO Neurosci. Rep. 18: 823–829. doi:10.1016/j.ibneur.2025.05.011

	Hess, D. T., and Stamler, J. S. (2012). Regulation by S-nitrosylation of protein post-translational modification. J. Biol. Chem. 287 (7), 4411–4418. doi:10.1074/jbc.R111.285742

	Humphrey, S. J., James, D. E., and Mann, M. (2015). Protein phosphorylation: a major switch mechanism for metabolic regulation. Trends Endocrinol. Metab. 26 (12), 676–687. doi:10.1016/j.tem.2015.09.013

	In, S., Kim, Y. I., Lee, J. E., and Kim, J. (2019). RNF20/40-mediated eEF1BδL monoubiquitylation stimulates transcription of heat shock-responsive genes. Nucleic Acids Res. 47 (6), 2840–2855. doi:10.1093/nar/gkz006

	Kardyńska, M., Paszek, A., Śmieja, J., Spiller, D., Widłak, W., White, M. R. H., et al. (2018). Quantitative analysis reveals crosstalk mechanisms of heat shock-induced attenuation of NF-κB signaling at the single cell level. PLoS Comput. Biol. 14 (4), e1006130. doi:10.1371/journal.pcbi.1006130

	Kellogg, D. L., Zhao, J. L., Wu, Y., and Johnson, J. M. (1985). Nitric oxide and receptors for VIP and PACAP in cutaneous active vasodilation during heat stress in humans. J. Appl. Physiol. 113 (10), 1512–1518. doi:10.1152/japplphysiol.00859.2012

	Kim, Y. M., Kim, T. H., Chung, H. T., Talanian, R. V., Yin, X. M., and Billiar, T. R. (2000). Nitric oxide prevents tumor necrosis factor alpha-induced rat hepatocyte apoptosis by the interruption of mitochondrial apoptotic signaling through S-nitrosylation of caspase-8. Hepatology 32 (4 Pt 1), 770–778. doi:10.1053/jhep.2000.18291

	Kuechler, E. R., Rose, A., Bolten, M., Madero, A., Kammoonah, S., Colborne, S., et al. (2021). Protein feature analysis of heat shock induced ubiquitination sites reveals preferential modification site localization. J. Proteomics 239, 104182. doi:10.1016/j.jprot.2021.104182

	Laitano, O., Garcia, C. K., Mattingly, A. J., Robinson, G. P., Murray, K. O., King, M. A., et al. (2020). Delayed metabolic dysfunction in myocardium following exertional heat stroke in mice. J. Physiol. 598 (5), 967–985. doi:10.1113/JP279310

	Lamoth, F., Juvvadi, P. R., Soderblom, E. J., Moseley, M. A., Asfaw, Y. G., and Steinbach, W. J. (2014). Identification of a key lysine residue in heat shock protein 90 required for azole and echinocandin resistance in Aspergillus fumigatus. Antimicrob. Agents Chemother. 58 (4), 1889–1896. doi:10.1128/AAC.02286-13

	Li, Y., Liu, Z., Shi, X., Tong, H., and Su, L. (2021). Prognostic value of plasma exosomal levels of histone H3 protein in patients with heat stroke. Exp. Ther. Med. 22 (3), 922. doi:10.3892/etm.2021.10354

	Li, Y., Li, S., and Wu, H. (2022). Ubiquitination-proteasome system (UPS) and autophagy two main protein degradation machineries in response to cell stress. Cells 11 (5), 851. doi:10.3390/cells11050851

	Li, L., Ma, J., Li, Z., Chen, J., Zhou, J., Wang, Y., et al. (2024). Huoxiang Zhengqi dropping pills alleviate exertional heat stroke-induced multiple organ injury through sustaining intestinal homeostasis via regulating MAPK/NF-κB pathway and gut microbiota in rats. Front. Pharmacol. 15, 1534713. doi:10.3389/fphar.2024.1534713

	Liang, X., Chen, R., Wang, C., Wang, Y., and Zhang, J. (2024). Targeting HSP90 for cancer therapy: current progress and emerging prospects. J. Med. Chem. 67 (18), 15968–15995. doi:10.1021/acs.jmedchem.4c00966

	Liebelt, F., Sebastian, R. M., Moore, C. L., Mulder, M. P. C., Ovaa, H., Shoulders, M. D., et al. (2019). SUMOylation and the HSF1-regulated chaperone network converge to promote proteostasis in response to heat shock. Cell Rep. 26 (1), 236–249. doi:10.1016/j.celrep.2018.12.027

	Liu, Y., Zhou, G., Wang, Z., Guo, X., Xu, Q., Huang, Q., et al. (2015). NF-κB signaling is essential for resistance to heat stress-induced early stage apoptosis in human umbilical vein endothelial cells. Sci. Rep. 5, 13547. doi:10.1038/srep13547

	Liu, X., Ren, W., Jiang, Z., Su, Z., Ma, X., Li, Y., et al. (2017). Hypothermia inhibits the proliferation of bone marrow-derived mesenchymal stem cells and increases tolerance to hypoxia by enhancing SUMOylation. Int. J. Mol. Med. 40 (6), 1631–1638. doi:10.3892/ijmm.2017.3167

	Lu, R. C., Tan, M. S., Wang, H., Xie, A. M., Yu, J. T., and Tan, L. (2014). Heat shock protein 70 in Alzheimer's disease. Biomed. Res. Int. 2014, 435203. doi:10.1155/2014/435203

	Mansky, R. H., Greguske, E. A., Yu, D., Zarate, N., Intihar, T. A., Tsai, W., et al. (2023). Tumor suppressor p53 regulates heat shock factor 1 protein degradation in Huntington's disease. Cell Rep. 42 (3), 112198. doi:10.1016/j.celrep.2023.112198

	Martínez-Reyes, I., and Chandel, N. S. (2020). Mitochondrial TCA cycle metabolites control physiology and disease. Nat. Commun. 11 (1), 102. doi:10.1038/s41467-019-13668-3

	Maxwell, B. A., Gwon, Y., Mishra, A., Peng, J., Nakamura, H., Zhang, K., et al. (2021). Ubiquitination is essential for recovery of cellular activities after heat shock. Science 372 (6549), eabc3593. doi:10.1126/science.abc3593

	Mundhara, N., Majumder, A., and Panda, D. (2021). Hyperthermia induced disruption of mechanical balance leads to G1 arrest and senescence in cells. Biochem. J. 478 (1), 179–196. doi:10.1042/BCJ20200705

	Murn, J., and Shi, Y. (2017). The winding path of protein methylation research: milestones and new frontiers. Nat. Rev. Mol. Cell Biol. 18 (8), 517–527. doi:10.1038/nrm.2017.35

	Nitika, P. C. M., Truman, A. W., and Truttmann, M. C. (2020). Post-translational modifications of Hsp70 family proteins: expanding the chaperone code. J. Biol. Chem. 295 (31), 10689–10708. doi:10.1074/jbc.REV120.011666

	Nunes-Nesi, A., Araújo, W. L., Obata, T., and Fernie, A. R. (2013). Regulation of the mitochondrial tricarboxylic acid cycle. Curr. Opin. Plant Biol. 16 (3), 335–343. doi:10.1016/j.pbi.2013.01.004

	Paszek, A., Kardyńska, M., Bagnall, J., Śmieja, J., Spiller, D. G., Widłak, P., et al. (2020). Heat shock response regulates stimulus-specificity and sensitivity of the pro-inflammatory NF-κB signalling. Cell Commun. Signal 18 (1), 77. doi:10.1186/s12964-020-00583-0

	Phadte, A. S., Sluzala, Z. B., and Fort, P. E. (2021). Therapeutic potential of α-crystallins in retinal neurodegenerative diseases. Antioxidants (Basel) 10 (7), 1001. doi:10.3390/antiox10071001

	Qiao, X., Zhang, Y., Ye, A., Xie, T., Lv, Z., et al. (2022). ER reductive stress caused by Ero1α S-nitrosation accelerates senescence. Free Radic. Biol. Med. 180, 165–178. doi:10.1016/j.freeradbiomed.2022.01.006

	Rodríguez, C., Muñoz, M., Contreras, C., and Prieto, D. (2021). AMPK, metabolism, and vascular function. Febs J. 288 (12), 3746–3771. doi:10.1111/febs.15863

	Roths, M., Freestone, A. D., Rudolph, T. E., Michael, A., Baumgard, L. H., and Selsby, J. T. (2023). Environment-induced heat stress causes structural and biochemical changes in the heart. J. Therm. Biol. 113, 103492. doi:10.1016/j.jtherbio.2023.103492

	Roths, M., Rudolph, T. E., Krishna, S., Michael, A., and Selsby, J. T. (2024). One day of environment-induced heat stress damages the murine myocardium. Am. J. Physiol. Heart Circ. Physiol. 327 (4), H978–h988. doi:10.1152/ajpheart.00180.2024

	Shalgi, R., Hurt, J. A., Lindquist, S., and Burge, C. B. (2014). Widespread inhibition of posttranscriptional splicing shapes the cellular transcriptome following heat shock. Cell Rep. 7 (5), 1362–1370. doi:10.1016/j.celrep.2014.04.044

	Shang, S., Liu, J., and Hua, F. (2022). Protein acylation: mechanisms, biological functions and therapeutic targets. Signal Transduct. Target Ther. 7 (1), 396. doi:10.1038/s41392-022-01245-y

	Shao, L. W., Peng, Q., Dong, M., Gao, K., Li, Y., Li, Y., et al. (2020). Histone deacetylase HDA-1 modulates mitochondrial stress response and longevity. Nat. Commun. 11 (1), 4639. doi:10.1038/s41467-020-18501-w

	Shi, Y., Chan, D. W., Jung, S. Y., Malovannaya, A., Wang, Y., and Qin, J. (2011). A data set of human endogenous protein ubiquitination sites. Mol. Cell Proteomics 10 (5), M110.002089. doi:10.1074/mcp.M110.002089

	Singh, M. K., Shin, Y., Ju, S., Han, S., Choe, W., Yoon, K. S., et al. (2024). Heat shock response and heat shock proteins: current understanding and future opportunities in human diseases. Int. J. Mol. Sci. 25 (8), 4209. doi:10.3390/ijms25084209

	Sluzala, Z. B., Hamati, A., and Fort, P. E. (2025). Key role of phosphorylation in small heat shock protein regulation via oligomeric disaggregation and functional activation. Cells 14 (2), 127. doi:10.3390/cells14020127

	Song, X., Wang, T., Zhang, Y., Yu, J. Q., and Xia, X. J. (2022). S-nitrosoglutathione reductase contributes to thermotolerance by modulating high temperature-induced apoplastic H(2)O(2) in Solanum lycopersicum. Front. Plant Sci. 13, 862649. doi:10.3389/fpls.2022.862649

	Sun, M., Li, Q., Zou, Z., Liu, J., Gu, Z., and Li, L. (2024). The mechanisms behind heatstroke-induced intestinal damage. Cell Death Discov. 10 (1), 455. doi:10.1038/s41420-024-02210-0

	Tang, X., Zhao, S., Liu, J., Liu, X., Sha, X., Huang, C., et al. (2023). Mitochondrial GSNOR alleviates cardiac dysfunction via ANT1 denitrosylation. Circ. Res. 133 (3), 220–236. doi:10.1161/CIRCRESAHA.123.322654

	Tian, H., Zhao, X., Zhang, Y., and Xia, Z. (2023). Abnormalities of glucose and lipid metabolism in myocardial ischemia-reperfusion injury. Biomed. Pharmacother. 163, 114827. doi:10.1016/j.biopha.2023.114827

	Vihervaara, A., Mahat, D. B., Guertin, M. J., Chu, T., Danko, C. G., Lis, J. T., et al. (2017). Transcriptional response to stress is pre-wired by promoter and enhancer architecture. Nat. Commun. 8 (1), 255. doi:10.1038/s41467-017-00151-0

	Wang, C., and Chen, J. (2003). Phosphorylation and hsp90 binding mediate heat shock stabilization of p53. J. Biol. Chem. 278 (3), 2066–2071. doi:10.1074/jbc.M206697200

	Wang, Y., Zhang, C., Wang, J., and Liu, J. (2022). p53 regulation by ubiquitin and ubiquitin-like modifications. Genome Instab. Dis. 3, 179–198. doi:10.1007/s42764-022-00067-0

	Wang, C., Jiang, Z., Du, M., Cong, R., Wang, W., Zhang, T., et al. (2024). Novel Ser74 of NF-κB/IκBα phosphorylated by MAPK/ERK regulates temperature adaptation in oysters. Cell Commun. Signal 22 (1), 539. doi:10.1186/s12964-024-01923-0

	Wang, S., Zhang, X., Zhang, Y., Wu, N., Bo, L., and Wang, M. (2025). The pathogenesis and therapeutic strategies of heat stroke-induced endothelial injury. Front. Cell Dev. Biol. 13, 1569346. doi:10.3389/fcell.2025.1569346

	Wu, W., and Huang, C. (2023). SUMOylation and DeSUMOylation: prospective therapeutic targets in cancer. Life Sci. 332, 122085. doi:10.1016/j.lfs.2023.122085

	Xiong, Y., and Guan, K. L. (2012). Mechanistic insights into the regulation of metabolic enzymes by acetylation. J. Cell Biol. 198 (2), 155–164. doi:10.1083/jcb.201202056

	Yin, Y., Seifert, A., Chua, J. S., Maure, J. F., Golebiowski, F., and Hay, R. T. (2012). SUMO-targeted ubiquitin E3 ligase RNF4 is required for the response of human cells to DNA damage. Genes Dev. 26 (11), 1196–1208. doi:10.1101/gad.189274.112

	Yuan, F., Cai, J., Wu, J., Tang, Y., Zhao, K., Liang, F., et al. (2022). Z-DNA binding protein 1 promotes heatstroke-induced cell death. Science 376 (6593), 609–615. doi:10.1126/science.abg5251

	Zhang, W., and Liu, H. T. (2002). MAPK signal pathways in the regulation of cell proliferation in mammalian cells. Cell Res. 12 (1), 9–18. doi:10.1038/sj.cr.7290105

	Zhang, H., Amick, J., Chakravarti, R., Santarriaga, S., Schlanger, S., McGlone, C., et al. (2015). A bipartite interaction between Hsp70 and CHIP regulates ubiquitination of chaperoned client proteins. Structure 23 (3), 472–482. doi:10.1016/j.str.2015.01.003

	Zhang, L., Liu, X., Sheng, H., Liu, S., Li, Y., Zhao, J. Q., et al. (2017). Neuron-specific SUMO knockdown suppresses global gene expression response and worsens functional outcome after transient forebrain ischemia in mice. Neuroscience 343, 190–212. doi:10.1016/j.neuroscience.2016.11.036

	Zhang, K., Daigle, J. G., Cunningham, K. M., Coyne, A. N., Ruan, K., Grima, J. C., et al. (2018). Stress granule assembly disrupts nucleocytoplasmic transport. Cell 173 (4), 958–971. doi:10.1016/j.cell.2018.03.025

	Zheng, D., MacLean, P. S., Pohnert, S. C., Knight, J. B., Olson, A. L., Winder, W. W., et al. (1985)2001). Regulation of muscle GLUT-4 transcription by AMP-activated protein kinase. J. Appl. Physiol. 91 (3), 1073–1083. doi:10.1152/jappl.2001.91.3.1073

	Zhou, M., Qin, Z., Zhu, X., Ruan, Y., Ling, H., et al. (2025). Pyruvate dehydrogenase kinases: key regulators of cellular metabolism and therapeutic targets for metabolic diseases. J. Physiol. Biochem. 81 (1), 21–34. doi:10.1007/s13105-025-01068-9

	Zou, Y., Shi, H., Liu, N., Wang, H., Song, X., and Liu, B. (2023). Mechanistic insights into heat shock protein 27, a potential therapeutic target for cardiovascular diseases. Front. Cardiovasc Med. 10, 1195464. doi:10.3389/fcvm.2023.1195464


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Cui, Jia, Li, Zheng and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Post-translational modifications in heat stress-related diseases		1 INTRODUCTION

		2 EFFECTS OF HEAT STRESS ON CELLULAR PROTEIN HOMEOSTASIS AND PTM REGULATORY NETWORKS

		3 RESEARCH ON THE CORRELATION BETWEEN HEATSTROKE AND PTMS		3.1 Changes and roles of phosphorylation modifications in heatstroke

		3.2 Changes and roles of acetylation modifications in heatstroke

		3.3 Changes and roles of ubiquitination modifications in heatstroke

		3.4 Changes and roles of methylation modifications in heatstroke

		3.5 Changes and roles of SUMOylation modifications in heatstroke

		3.6 Changes and roles of S-Nitrosylation modifications in heatstroke

		3.7 PTM crosstalk in heat stress





		4 PTMS AS BIOMARKERS AND THERAPEUTIC TARGETS FOR HEAT STRESS-RELATED DISEASES		4.1 PTMs as biomarkers for diagnosis and prognosis

		4.2 PTMs as therapeutic targets: Interventions and challenges

		4.3 Integration of mutant studies and bona fide PTM analyses

		4.4 Organ-specific PTM patterns in therapeutic translation





		5 CONCLUSION AND OUTLOOK

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-12-1666874-g001.jpg
Latent monomeric HSF
Heat stres&

HSP27

26S Proteasome

a
a

]
|

(]










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





