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Abstract: Aging is a complex, multifactorial process driven by interconnected biological mechanisms collectively known as the 
hallmarks of aging, which contribute to functional decline and the onset of age-related diseases. High-mobility group box 1 (HMGB1), 
a nuclear DNA chaperone and damage-associated molecular pattern (DAMP), plays a pivotal role in regulating these hallmarks 
through its dual functions: preserving genomic stability within the nucleus and promoting inflammatory responses when released 
extracellularly. This review examines the multifaceted involvement of HMGB1 in key aging hallmarks, such as genomic instability, 
telomere attrition, mitochondrial dysfunction, and chronic inflammation among others. Preclinical studies demonstrate that nuclear 
HMGB1 supports chromatin integrity and DNA repair, whereas its extracellular release triggers TLR4/RAGE signaling pathways, 
thereby intensifying inflammaging and senescence-associated secretory phenotypes (SASP). Emerging therapeutic approaches—such 
as HMGB1 inhibitors, neutralizing antibodies, and epigenetic modulators—show potential in restoring genomic homeostasis and 
mitigating age-related pathologies. Nevertheless, significant challenges remain, including elucidating HMGB1’s roles in nutrient 
sensing and psychosocial stress, fine-tuning interventions to preserve its nuclear functions while minimizing extracellular toxicity, and 
establishing efficacy in human clinical settings. Addressing these gaps may position HMGB1 as a promising multifunctional target for 
delaying aging and translating preclinical findings into clinical applications.
Keywords: aging, HMGB1, hallmarks of aging, preclinical studies

Introduction
Aging is widely recognized as the progressive accumulation of cellular and tissue alterations that increase vulnerability to 
chronic diseases and mortality.1 It is strongly linked to cardiovascular disorders, chronic respiratory conditions such as 
chronic obstructive pulmonary disease (COPD), and degenerative diseases including arthritis.2 Even in the absence of 
overt pathology, aging manifests through complex structural, functional, and molecular changes across multiple biolo
gical levels.3

The hallmarks of aging provide a unifying framework to describe these processes, encompassing fourteen inter
connected mechanisms.4 These include genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, 
deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and chronic inflam
mation. Together, these hallmarks drive tissue degeneration by accumulating molecular damage, disrupting homeostasis, 
and impairing regenerative capacity. Importantly, preclinical studies indicate that interventions targeting these mechan
isms can extend health span, underscoring the translational potential of mechanistic insights.5

Among the molecular regulators implicated in these hallmarks, high-mobility group box 1 (HMGB1) has attracted 
increasing attention as a potential modulator of aging biology.6,7 HMGB1 is a highly conserved, non-histone chromatin- 
binding protein with diverse functions. In the nucleus, it safeguards genomic stability by maintaining chromatin 
architecture, facilitating DNA repair,8 and coordinating transcriptional regulation. In the cytoplasm, it influences 
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autophagy and innate immune responses. Once released into the extracellular space, HMGB1 acts as a prototypical 
damage-associated molecular pattern (DAMP), engaging receptors such as TLR4 and RAGE to activate NF-κB and 
MAPK signaling pathways, thereby amplifying inflammation. Through these context-dependent roles, HMGB1 has been 
implicated in multiple age-related pathologies, including neurodegenerative, cardiovascular, and metabolic disorders.

Nevertheless, the role of HMGB1 in aging remains incompletely defined and, in some contexts, controversial. On one 
hand, HMGB1 exerts protective nuclear functions that preserve genomic integrity; on the other, its extracellular release 
promotes chronic inflammation and tissue injury. These dual and seemingly opposing functions complicate interpretation 
and highlight unresolved questions. Moreover, most available evidence derives from preclinical studies, with limited 
validation in human aging, raising concerns about clinical relevance. Notably, several hallmarks—such as deregulated 
nutrient sensing, loss of proteostasis, and psychosocial influences—remain insufficiently connected to HMGB1 at 
a mechanistic level.

Clarifying these inconsistencies will be essential to define HMGB1’s contribution to aging biology. This review 
synthesizes current evidence on HMGB1 in age-related processes, evaluates its dual context-dependent functions, and 
discusses its feasibility as a therapeutic target to modulate the hallmarks of aging, with the ultimate aim of translating 
mechanistic insights into strategies that promote healthy aging and alleviate the burden of age-associated diseases.

HMGB1 and the Hallmarks of Aging: A Mechanistic Link
As proposed by López-Otín and colleagues,9 a number of fourteen interconnected hallmarks influence the process of 
aging by collectively driving functional decline and disease susceptibility:4 (1) genomic instability, characterized by 
progressive DNA damage accumulation from endogenous and exogenous stressors;10,11 (2) telomere attrition, marked by 
replication-dependent shortening and oxidative erosion of chromosomal termini;12,13 (3) epigenetic alterations, involving 
dysregulated DNA methylation, histone modifications, and non-coding RNA networks;14 (4) loss of proteostasis, 
reflecting impaired protein synthesis, folding, and degradation systems;15,16 (5) disabled macroautophagy, driven by age- 
related declines in autophagic flux and lysosomal efficiency;17,18 (6) deregulated nutrient sensing, encompassing mTOR, 
AMPK, and sirtuin pathway imbalances;19,20 (7) mitochondrial dysfunction, featuring bioenergetic collapse, ROS over
production, and mtDNA mutations;21,22 (8) cellular senescence, a state of irreversible growth arrest with dual roles in 
tumor suppression and tissue degeneration;23,24 (9) stem cell exhaustion, defined by diminished regenerative capacity due 
to oxidative and epigenetic stress;9,25 (10) altered intercellular communication, mediated by pro-inflammatory SASP 
factors and disrupted signaling cascades;26,27 (11) chronic inflammation, a low-grade systemic state perpetuated by 
DAMPs and immune dysregulation;28,29 (12) dysbiosis, involving gut microbial imbalance and metabolite-driven 
pathologies;30,31 (13) extracellular matrix remodeling, characterized by AGE accumulation, collagen fragmentation, 
and mechanotransductive stress;32,33 and (14) psychosocial isolation, linked to neuroendocrine dysregulation and 
accelerated inflammatory aging.34 Emerging preclinical evidence indicates that HMGB1 contributes to eleven hallmarks 
of aging through its dual intracellular and extracellular functions. In contrast, direct mechanistic studies linking HMGB1 
with psychological isolation, nutrient sensing, and proteostasis are still lacking. Accordingly, this review focuses on the 
interactions between HMGB1 and the remaining eleven hallmarks of aging. The following sections will delineate the 
mechanistic connections between HMGB1 and these hallmarks. Figure 1 illustrates three representative channels of 
HMGB1.

HMGB1 and Genomic Instability
HMGB1 plays a multifaceted role in maintaining genomic stability, primarily through its regulation of DNA damage 
repair pathways, particularly base excision repair (BER). HMGB1 inhibits single-nucleotide BER by competitively 
binding to the 5′-deoxyribose phosphate (dRP) group, thereby blocking the dRP lyase activity of DNA polymerase β (Pol 
β). Simultaneously, it stimulates long-patch BER by enhancing flap endonuclease 1 (FEN1)-mediated cleavage of 
displaced DNA flaps.35 This dual regulation promotes long-patch BER, which is crucial for resolving complex lesions, 
but it may also contribute to trinucleotide repeat instability. Experimental evidence from HMGB1 knockout (HMGB1−/−) 
mouse embryonic fibroblasts (MEFs) shows that HMGB1 enhances AP endonuclease 1 (APE1) incision activity under 
limiting conditions, leading to increased accumulation of single-strand breaks (SSBs) in the presence of methoxyamine 
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(MX)-adducted abasic sites.36 Additionally, in vitro experiments with (CAG)20-containing substrates reveal that 
HMGB1 promotes CAG repeat expansion. This effect is mediated through the stimulation of APE1’s incision activity, 
generating more single-strand break intermediates during the BER process.36 These findings underscore HMGB1’s dual 
role as both a facilitator of repair and a potential contributor to genomic instability in repetitive DNA contexts. Moreover, 
HMGB1 interacts with chromatin remodeling factors to enhance lesion accessibility and post-repair chromatin restora
tion, further linking its structural and enzymatic functions to genome integrity.37

HMGB1 and Telomere Attrition
HMGB1 regulates telomere stability by specifically recognizing G-quadruplex structures in telomeric regions through 
its DNA-binding domains (A-box and B-box).38 Knockout of HMGB1 significantly increases telomeric DNA damage 
foci (γ-H2AX foci),39 suggesting a potential role for HMGB1 in telomere maintenance. Furthermore, HMGB1 
facilitates the recruitment of telomere-protective protein complexes, such as TRF2, to telomeric regions,40 thereby 
preventing telomere fusion and chromosomal abnormalities. During cellular senescence, HMGB1 translocates from 
the nucleus to the cytoplasm, reducing its nuclear levels and impairing its protective effects on telomeric 
G-quadruplex structures.41 In human fibroblast models, loss of intracellular HMGB1 strongly correlates with telomere 
shortening and upregulation of senescence markers (eg, p21 and SA-β-gal).42 Extracellular HMGB1 exacerbates 
telomeric oxidative damage by promoting ROS generation via RAGE/TLR4 signaling, creating a feedback loop 
between senescence and inflammation.42,43 Given HMGB1’s dual roles in telomere maintenance—nuclear protection 
and extracellular pro-aging signaling—therapeutic strategies must be carefully targeted. Inhibition of extracellular 
HMGB1 (eg, using anti-HMGB1 neutralizing antibodies) effectively mitigates telomere damage-associated senes
cence, while enhancing nuclear HMGB1 function (eg, through small-molecule agonists) may delay telomere 
shortening.

Figure 1 Receptors and co-receptors/partners of HMGB1 and their functions.
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HMGB1 and Epigenetic Alterations
HMGB1 plays a central role in modulating epigenetic processes, particularly through its dynamic interaction with 
chromatin structure and immune regulation. As a chromatin-binding protein, HMGB1 facilitates chromatin relaxation 
and transcriptional activation by interacting with nucleosomes, thereby enhancing the accessibility of transcription 
factors in the nucleus.44 Pharmacological inhibition of DNA methyltransferases (DNMTi), such as decitabine, induces 
the translocation of HMGB1 from the nucleus to the cytoplasm, followed by its release into the extracellular space.45 

Epigenetic modifiers further influence HMGB1-mediated immune modulation by altering histone acetylation and DNA 
methylation patterns. Histone deacetylase inhibitors (HDACi), such as vorinostat and panobinostat, induce chromatin 
hyperacetylation, disrupting HMGB1-chromatin interactions and promoting its release. HMGB1 has also emerged as 
a key player in neuropsychiatric disorders, where it interacts with epigenetic mechanisms. Predominantly expressed in 
microglia, HMGB1 is implicated in inflammation-driven pathogenesis.46,47

Preclinical evidence indicates that HMGB1 expression is regulated by DNA methylation, histone deacetylases 
(HDAC4/5), and microRNA-129 (miR-129).48 Chronic stress activates hippocampal microglia, leading to depression- 
like behaviors in rats. Such stress elevates HMGB1 expression in hippocampal microglia, and exogenous HMGB1 
infusion into the hippocampus has been shown to induce depression.49 This stress-induced HMGB1 overexpression can 
be attenuated by minocycline or imipramine, both known suppressors of microglial activation. Moreover, DNA 
hypomethylation of the HMGB1 promoter has been linked to increased HMGB1 expression in cardiac progenitor cells 
under hypoxic conditions, indicating context-dependent epigenetic regulation.50 Pharmacological inhibitors further 
modulate HMGB1 activity, offering potential therapeutic avenues to reverse aberrant histone acetylation patterns. 
Collectively, these findings link HMGB1’s role in neuropathology to epigenetic dysregulation, involving changes in 
DNA methylation, histone modifications, and interactions with specific microRNAs (eg, HMGB1 regulation by miR- 
129), though evidence for HMGB1–miRNA interplay remains limited.

HMGB1 and Disabled Macroautophagy
HMGB1 is a critical mediator of autophagy in various diseases, such as diabetic retinopathy (DR), where it orchestrates 
pathological progression through the modulation of the autophagy-lysosomal pathway.51 Hyperglycemia-induced upre
gulation of HMGB1 exacerbates DR by activating cathepsin B (CTSB)-dependent lysosomal membrane permeabilization 
(LMP), compromising lysosomal integrity, and impairing autophagic flux. This disruption leads to the abnormal 
accumulation of SQSTM1/p62. Lysosomal dysfunction triggers inflammation in retinal pigment epithelial (RPE) cells, 
with elevated secretion of IL-1β, IL-6, and VEGF,52 while simultaneously inducing mitochondrial dysfunction and 
apoptosis through excessive ROS production.53 The HMGB1-CTSB-LMP axis disrupts lysosomal stability under high- 
glucose conditions, characterized by excessive CTSB release, impaired lysosomal acidification, and reduced cathepsin 
activity. These changes hinder the fusion of autophagosomes with lysosomes and impede substrate degradation. 
Additionally, the cytosolic leakage of lysosomal contents activates mitochondrial apoptotic pathways and NLRP3 
inflammasome signaling, creating a self-perpetuating cycle of cellular damage. Notably, pharmacological inhibition of 
HMGB1 restores lysosomal membrane integrity by downregulating CTSB,54,55 enhances lysosomal acidification and 
enzymatic activity, and alleviates RAGE/ROS-mediated inflammatory cascades, ultimately mitigating mitochondrial 
injury and slowing DR progression.52,56

HMGB1 and Mitochondrial Dysfunction
Mitochondrial dysfunction is one of the aging hallmarks.57 HMGB1 has been shown to translocate to mitochondria, 
where it mediates mitochondrial fission, leading to mitochondrial DNA (mtDNA) leakage into the cytoplasm. This, in 
turn, activates the cGAS-STING pathway and creates an extracellular inflammatory microenvironment, which is 
associated with necrotic apoptosis and accelerates peripheral cellular senescence.58 HMGB1 induces mitochondrial 
dysfunction, characterized by increased mitochondrial superoxide release, decreased mitochondrial membrane potential, 
reduced mtDNA content, and impaired ATP generation. Both mitochondrial DNA mutations and oxidative stress 
contribute to aging, which is a major risk factor for neurodegenerative diseases. Consequently, mitochondrial dysfunction 
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is closely linked to the pathogenesis of Parkinson’s disease (PD), including mtDNA mutations, electron transport chain 
damage, and alterations in mitochondrial dynamics and morphology. For instance, rotenone treatment has been reported 
to cause mitochondrial deformation and crest swelling in human neuroblastoma cells. HMGB1 overexpression exacer
bates these effects, while inhibition of HMGB1 via siRNA-HMGB1 partially reduces these mitochondrial changes.59,60 

Emerging evidence highlights the therapeutic potential of HMGB1 inhibition in restoring mitochondrial homeostasis by 
modulating inflammatory and oxidative stress pathways.61 Notably, in a cerebral ischemia/reperfusion injury model, 
pharmacological inhibition of HMGB1 or downregulation of miR-320 significantly restored mitochondrial function, as 
evidenced by reduced mitochondrial ROS accumulation, replenished endogenous antioxidants (eg, MnSOD and GSH), 
diminished lipid peroxidation markers (eg, 8-isoprostane), and improved ATP synthesis. Mechanistically, HMGB1 
blockade disrupts the HMGB1/NF-κB signaling axis, suppressing the expression of pro-inflammatory cytokines (TNF- 
α, IL-1β) and adhesion molecules (ICAM-1, VCAM-1), thereby mitigating the synergistic damage caused by inflamma
tion and oxidative stress on mitochondrial integrity. Furthermore, HMGB1 inhibitors indirectly attenuate miR-320- 
mediated regulation of HMGB1 overexpression, enhancing mitochondrial functional preservation. These findings under
score the potential of targeting HMGB1 as a therapeutic strategy to mitigate mitochondrial destabilization in pathological 
conditions.62

HMGB1 and Cellular Senescence
HMGB1, involved in DNA organization and repair, plays a critical role in regulating cellular senescence through its Box 
A domain. For example, Secretomes from HMGB1 Box A-over-expressing adipose-derived stem cells (BoxA-SC) 
effectively reverse PM2.5-induced cellular senescence by inducing the expression of stem cell markers such as OCT4, 
NANOG, and SOX2.63 Mechanistically, BoxA-SC attenuates senescence-associated β-galactosidase (SA-β-gal) activity, 
downregulates cell cycle inhibitors p21 and p16, and suppresses the release of SASP factors, including interleukin-1α 
(IL-1α), C-X-C motif chemokine ligand 1 (CXCL1), and interleukin-7 (IL-7). These effects are attributed to BoxA- 
mediated stabilization of genomic microenvironments and activation of stem cell regenerative capacity, which counteract 
oxidative stress-driven senescence pathways. Collectively, these findings provide a mechanistic basis for secretome- 
based anti-aging therapies targeting age-related degenerative disorders.64 Additionally, HMGB1 has been implicated in 
mediating tau oligomer (TauO)-induced cellular senescence. Its extracellular release activates the p38-MAPK and NF-κB 
signaling pathways, driving the SASP and promoting astrocytic senescence and paracrine senescence in tauopathies, such 
as Alzheimer’s disease (AD) and frontotemporal dementia (FTD).65 Notably, Galkwad et al66 demonstrated that TauO 
exposure triggers the nucleo-cytoplasmic translocation and release of HMGB1 in astrocytes, significantly elevating the 
expression of senescence markers, including p16INK4A and SA-β-gal. Pharmacological inhibition of HMGB1 release 
using ethyl pyruvate (EP) and glycyrrhizic acid (GA) significantly reduced cellular senescence phenotypes in vitro, as 
evidenced by decreased DNA damage markers (γH2AX foci) and inflammatory cytokines (IL-6/TNF-α).67 Additionally, 
these inhibitors ameliorated TauO burden, neurofibrillary tangle (NFT) deposition, and senescent cell accumulation in the 
brains of hTau transgenic mice, accompanied by improved cognitive performance. Therefore, targeting the HMGB1- 
SASP axis may be a promising therapeutic strategy for mitigating tau pathology progression in neurodegenerative 
disorders.

HMGB1 and Altered Intercellular Communication
HMGB1 plays an important role in modulating intercellular communication under pathological conditions. Extracellular 
HMGB1 binds to receptors such as Toll-like receptors (TLRs) and RAGE, activating downstream signaling pathways 
like NF-κB and the NLRP3 inflammasome.68 This cascade promotes the secretion of pro-inflammatory cytokines (eg, IL- 
1β, TNF-α) and chemokines, amplifying neuroinflammation and disrupting cellular homeostasis. In the SOD1G93A 
mouse model of amyotrophic lateral sclerosis (ALS), upregulated HMGB1 during the symptomatic stage correlates with 
NLRP3 inflammasome activation, microgliosis, and astrocyte dysfunction, exacerbating motor neuron degeneration. 
HMGB1 also synergizes with microRNA-155, a pro-inflammatory regulator, to sustain neurotoxic glial phenotypes69 and 
impair phagocytic clearance by reducing MFG-E8 expression.70 Collectively, HMGB1 mediates pathological 

Clinical Interventions in Aging 2025:20                                                                                             https://doi.org/10.2147/CIA.S550572                                                                                                                                                                                                                                                                                                                                                                                                   1733

Ning et al

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



intercellular communication, bridging cellular damage with systemic inflammatory responses and representing 
a promising therapeutic target for diseases characterized by dysregulated inflammation.

HMGB1 and Chronic Inflammation
HMGB1 is a well-characterized DAMP that can mediate inflammatory and immune responses. Age-related increases in 
circulating HMGB1 concentrations may contribute to the pathogenesis of chronic low-grade inflammation, obesity, and 
subclinical cardiovascular disease.71 HMGB1 is central to obesity-associated chronic inflammation. Adipose tissue serves 
as a major source of HMGB1, with expression levels being twice as high in obese individuals compared to those with 
normal weight.72 Mechanistically, HMGB1 released through adipocyte necrosis, can activate local immune cells and then 
lead to a self-amplifying positive feedback loop, enhancing inflammatory signaling. A longitudinal cohort study of young 
adults revealed that HMGB1 bound to Toll-like receptors (TLR2/4) and RAGE73 would activate key inflammatory 
pathways such as NF-κB and MAPK. This interaction triggers a cascade of pro-inflammatory cytokine release (eg, TNF- 
α, IL-6), perpetuating chronic inflammation and immune dysregulation. Cancer, often the end stage of chronic inflam
mation, involves HMGB1 as an inflammatory amplifier in the tumor microenvironment. HMGB1 activates dendritic cells 
(DCs) via the TLR4/p38-MAPK pathway, upregulating co-stimulatory molecules (CD80/CD86) and maturation markers 
(CD83), while promoting the secretion of pro-inflammatory cytokines (IL-6, IL-12, IL-23).74,75 In lung cancer models, 
HMGB1 upregulates CXCR3/CCR5 chemokine receptors on DCs, enhancing their tumor-directed migration. 
Furthermore, HMGB1-driven IL-23 secretion promotes Th17 polarization, while HMGB1-mediated DC-derived TSLP 
signaling amplifies regulatory T cell (Treg) activation, collectively fostering an immunosuppressive microenvironment.76

HMGB1 and Stem Cell Exhaustion
HMGB1 impairs stem cell function through three interconnected mechanisms: promoting a pro-inflammatory microenviron
ment, disrupting oxidative stress regulation, and inducing pyroptosis. In mesenchymal stem cells (MSCs), HMGB1 activates 
the TLR4/p38-MAPK-NLRP3 inflammasome axis, driving the release of IL-1β, IL-6, and TNF-α, which creates a chronic 
inflammatory environment that inhibits MSC survival and function.77 Simultaneously, HMGB1 downregulates 
S-lactoylglutathione metabolism, depleting intracellular glutathione (GSH) levels and exacerbating oxidative stress-induced 
mitochondrial dysfunction. Additionally, HMGB1 upregulates the NLRP3/Caspase-1/GSDMD-N pathway, triggering micro
glial pyroptosis and DAMPs, establishing a self-amplifying cycle that accelerates MSC functional decline.78 In a cecal ligation 
and puncture (CLP) model, MSC-derived exosomes (MSCs-exo) combined with antibiotic therapy reduced hippocampal 
HMGB1 expression by 60%, suppressed NLRP3/Caspase-1/GSDMD-N levels, reversed pyroptosis, and improved cognitive 
function.79 Dual-luciferase reporter assays further confirmed that MSC-exo-delivered miR-140-3p binds to the 3’UTR of 
HMGB1 mRNA, reducing HMGB1 protein levels. These findings demonstrate that MSC-exo-mediated miR-140-3p delivery 
alleviates microglial pyroptosis, restores S-lactoylglutathione metabolism, and rescues cognitive deficits in CLP mice, 
highlighting HMGB1 inhibition as a promising therapeutic strategy for sepsis-associated encephalopathy.

HMGB1 and Dysbiosis
Gut microbiota composition progressively diverges with aging and is associated with microbial metabolites involved in 
immunomodulation, inflammation, and senescence. Clinical data have shown elevated HMGB1 levels in older cohorts, 
suggesting an interplay between dysbiosis and HMGB1 in the pathogenesis of nonalcoholic fatty liver disease (NAFLD).80 In 
preclinical models, gut microbiota imbalance was linked to intestinal barrier damage and upregulated HMGB1 expression, 
and further analyses indicated that HMGB1 can be transported from the gut to the liver via exosomes, thereby promoting lipid 
accumulation, inflammation, and disease progression.81,82 Consistently, pharmacological inhibition of HMGB1 release (eg, 
glycyrrhizic acid) alleviated hepatic steatosis and downregulated pro-inflammatory cytokines.

Furthermore, the association between HMGB1 and aging was supported by the finding that serum HMGB1 levels of 
older healthy adults are increased by 16% than those of younger ones.83 Elevated HMGB1 levels were negatively 
correlated with muscle strength (r = −0.410) and daily physical activity (r = −0.483). Age-related gut dysbiosis 
compromises intestinal barrier integrity, resulting in HMGB1 release and concomitant increases in serum zonulin (a 
biomarker of intestinal permeability) in older adults. Both factors significantly correlate with inflammatory cytokine 
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levels and frailty indices. These findings suggest a possible role of HMGB1 in age-related gut pathology, potentially 
through effects on intestinal permeability and inflammation, which may in turn influence “gut-liver axis” dysfunction 
during aging. However, these associations remain correlative and require further validation. Preclinical studies showed 
that probiotic treatments (eg, Bifidobacterium longum and the multi-species formulation VSL#3®) reduce HMGB1 levels 
and improve intestinal barrier integrity, thereby interrupting the HMGB1–inflammation–gut leakage cycle.83,84

HMGB1 and Extracellular Matrix Changes
In osteoarthritis (OA), suppression of Nrf2 leads to HMGB1 upregulation, which subsequently activates NF-κB signaling 
through RAGE. This activation increases the expression of pro-inflammatory cytokines (eg, IL-6, TNF-α) and ECM- 
degrading enzymes such as MMP13 and ADAMTS-5, thereby accelerating the breakdown of cartilage components 
including type II collagen and aggrecan.85,86 Experimental studies further show that enhancing Nrf2 or silencing HMGB1 
can reverse IL-1β–induced ECM degradation and chondrocyte apoptosis, whereas recombinant HMGB1 counteracts the 
protective effects of Nrf2 activation.80 Immunohistochemical analyses of osteoarthritic cartilage demonstrated signifi
cantly elevated HMGB1 levels, which correlated with apoptosis markers (eg, BAX and cleaved caspase-3) and 
inflammatory cytokine expression.87 Collectively, these findings suggest that HMGB1 contributes to ECM metabolic 
imbalance and cartilage degeneration through the Nrf2/HMGB1/NF-κB axis, and may represent a potential therapeutic 
target in OA. A detailed summary of the related mechanisms, effects, and therapeutic implications is provided in Table 1. 
Figures 2 and 3 illustrate the key interactions between HMGB1 and the 14 hallmarks of aging.

Table 1 Summary of HMGB1’s Involvement Across the 14 Hallmarks of Aging

Hallmark of Aging HMGB1 Mechanism Involved Direction of Effect (Pro- 
Aging ↑/Anti-Aging ↓)

Preclinical 
Evidence

Therapeutic 
Implication

Genomic Instability Regulates BER; modulates APE1 and 

FEN1 activity

↑ √ Target HMGB1-APE1 axis

Telomere Attrition Stabilizes G-quadruplex; recruits TRF2; 
oxidative damage via RAGE

↑ √ Enhance nuclear HMGB1 / 
inhibit extracellular

Epigenetic Alterations Alters DNA methylation; histone 

acetylation; 
miRNA interactions (limited evidence)

↑ √ HDAC/DNMT inhibitors; 

miRNA targeting

Loss of Proteostasis Not well defined ? × Underexplored

Impaired 
Macroautophagy

Disrupts lysosomal membrane via 
CTSB; impairs autophagic flux

↑ √ HMGB1 inhibition restores 
autophagy

Deregulated Nutrient 

Sensing

Minimal data available ? × Research gap

Mitochondrial 

Dysfunction

Induces fission; activates cGAS-STING; 

ROS accumulation

↑ √ Antioxidants; HMGB1 

inhibitors

Cellular Senescence Promotes SASP via NF-κB; p16/p21 
upregulation

↑ √ Box A peptides; EP/GA

Stem Cell Exhaustion TLR4/NLRP3-mediated pyroptosis and 

inflammation

↑ √ miR-140-3p; MSC- 

exosomes
Altered Intercellular 

Communication

Activates NF-κB, inflammasome via 

TLR4/RAGE

↑ √ Anti-HMGB1 antibodies

Chronic Inflammation Canonical DAMP; activates TLR4/RAGE 
→ cytokine storm

↑ √ Ethyl pyruvate; glycyrrhizic 
acid

Dysbiosis Exosomal transport from gut to liver; 

epithelial leakage

↑ √ Probiotics (VSL#3, 

Bifidobacterium)
ECM Remodeling Upregulates MMP13/ADAMTS-5 via NF- 

κB; cartilage degradation

↑ √ Target Nrf2/HMGB1 axis

Psychosocial Isolation Not covered in current literature ? × Potential future direction

Note: ↑ indicates pro-aging effect; ↓ indicates anti-aging effect; √ denotes available preclinical evidence; × indicates lack of evidence; ? Denotes unclear or underexplored 
mechanism.
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Discussion and Future Perspectives
Aging is a complex biological process characterized by the progressive decline of cellular and systemic homeostasis, 
ultimately resulting in functional impairment and increased vulnerability to age-related diseases. The fourteen recognized 

Figure 2 The relationship strength between HMGB1 and the hallmarks of aging. This figure summarizes the reported associations between HMGB1 and the 14 recognized 
hallmarks of aging based on literature reviews. The intensity of the color indicates the relative strength of the reported association: darker blue denotes a stronger 
relationship, while blank areas indicate no currently reported connection in the literature.

Figure 3 Pre-clinical data supporting the relationship between diseases and hallmarks of aging and available clinical evidence about the potential impact of HMGB1 on the 
hallmarks of aging. 
Note: ↑ represents an increase; ↓ represents a decrease.
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aging hallmarks — form an interdependent network. These hallmarks synergistically contribute to cellular damage 
accumulation and drive the progression of aging-associated pathologies.

Recent evidence indicates that HMGB1 plays a multifaceted regulatory role across these hallmarks through both 
nuclear and extranuclear mechanisms. This review systematically delineates the mechanistic links of HMGB1 to the 
eleven aging hallmarks of the fourteen. As a result, the targeted modulation of HMGB1 translocation between the 
nucleus and cytoplasm has emerged as a promising therapeutic strategy for decelerating aging processes and mitigating 
age-related diseases.

Despite encouraging preclinical findings, several challenges hinder the clinical translation of HMGB1-targeted 
therapies. A key issue is reconciling its protective nuclear functions in DNA repair with its pro-inflammatory extra
cellular activities. Current approaches—including small-molecule inhibitors (eg, ethyl pyruvate, glycyrrhizin), neutraliz
ing antibodies (eg, 2G7), and epigenetic modulators—have shown promise but require rigorous clinical validation. Small 
molecules are accessible yet prone to off-target effects, antibodies offer specificity but face delivery and immunogenicity 
barriers, and epigenetic modulators provide reversibility but raise concerns regarding specificity and long-term safety. 
While evidence largely derives from preclinical models, agents such as glycyrrhizin and HMGB1-binding peptides have 
shown efficacy in inflammatory diseases, offering proof-of-concept for clinical feasibility. These advances underscore the 
need for longitudinal human studies and early-phase clinical trials to evaluate HMGB1-targeted strategies in aging 
contexts.

Nonetheless, increasing attention has been directed toward the therapeutic potential of HMGB1 in human diseases. 
For example, HMGB1 inhibitors such as glycyrrhizin and specific binding peptides (eg, cIY8) have demonstrated 
efficacy in alleviating inflammation and pruritus in atopic dermatitis models, with the possibility of topical application 
in patients.88 Similarly, studies have highlighted the involvement of HMGB1 in inflammatory skin disorders, further 
supporting its relevance as a therapeutic target.89 Although these investigations are disease-specific rather than aging- 
focused, they provide proof-of-concept that pharmacological modulation of HMGB1 is clinically feasible.

Importantly, potential biomarkers related to HMGB1 activity—such as its nuclear-to-cytoplasmic translocation, 
circulating HMGB1 release, and downstream SASP factors (eg, IL-6, IL-8, MMPs, and PAI-1)90—may serve as 
clinically relevant indicators for monitoring HMGB1 dynamics during aging or therapeutic intervention.

Future studies should extend these insights to aging contexts. In particular, longitudinal human studies are urgently 
needed to clarify how HMGB1 dynamics correlate with aging phenotypes, frailty indices, and age-related diseases at the 
population level. Moreover, early-phase clinical trials evaluating HMGB1-targeted interventions in relevant age- 
associated conditions could provide critical translational evidence. By bridging preclinical findings with human research, 
these efforts will be essential for determining whether HMGB1-targeted strategies can be safely and effectively leveraged 
to delay aging and mitigate its pathological consequences.
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