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Abstract

High mobility group box 1 (HMGB1) is a dynamic, multifunctional non-histone chromatin protein that translocates between 
the nucleus, cytoplasm, and extracellular space in response to various stressors. Beyond its nuclear role in chromatin 
organization and DNA repair, HMGB1 functions as a danger-associated molecular pattern (DAMP), orchestrating autophagy, 
inflammation, and immune responses through interactions with receptors such as Toll-like receptor 4 (TLR4), the receptor 
for advanced glycation end-products (RAGE), and CXCR4. This review summarizes HMGB1's structural features, post-
translational modifications (PTMs), and context-dependent signaling across subcellular compartments. Emphasis is placed on 
its involvement in dermatological conditions including psoriasis, atopic dermatitis, UVB-induced ferroptosis, pigmentation, 
and photoaging. We further discuss therapeutic modulation of HMGB1, including redox-sensitive interventions and secretion-
targeted strategies. Natural compounds such as glycyrrhizin, epigallocatechin gallate (EGCG), and resveratrol demonstrate 
regulatory effects on HMGB1 activity, supporting their potential roles in skin health and cosmeceutical formulations. A 
comprehensive understanding of HMGB1’s spatial dynamics and regulatory mechanisms offers novel insights for managing 
inflammation, barrier dysfunction, and aging in dermatology.
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Introduction

HMGB1 is an evolutionarily conserved, non-histone 
chromatin protein that was first characterized based on its 
rapid electrophoretic mobility [1-3]. Ubiquitously expressed 
in mammalian cells, HMGB1 serves a fundamental role in 
nuclear homeostasis by regulating chromatin structure and 
gene expression [4,5]. Its structure comprises DNA-binding 
domains (Box A and Box B) and an acidic C-terminal tail, 
which allow it to bind and bend DNA, modulate nucleosome 
stability, and facilitate transcription, replication, and DNA 
repair. These architectural functions enable HMGB1 to act as 
a dynamic regulator of genomic organization, essential for 
cellular integrity and survival [6-9].

In addition to its nuclear role, HMGB1 exhibits tightly 
regulated subcellular mobility that responds to various 
stimuli, including UV radiation, oxidative stress, microbial 
products, and tissue injury. Post-translational modifications 
(PTMs) notably acetylation, phosphorylation, methylation, 
and redox alterations mediate its translocation to the 
cytoplasm, where it participates in autophagy regulation 
and inflammatory signaling [10,11]. In this compartment, 
HMGB1 participates in the regulation of autophagy and 
the orchestration of inflammatory signaling. Furthermore, 
HMGB1 can be secreted extracellularly via active lysosomal 
pathways or released passively during necrosis and regulated 
cell death processes such as ferroptosis [12-14]. In the 
extracellular environment, HMGB1 functions as a canonical 
DAMP by engaging PRRs like TLR4, RAGE, and CXCR4, thereby 
promoting immune cell recruitment, cytokine production, 
and tissue remodelling [15-18].

In recent years, HMGB1 has garnered increasing 
attention in dermatological research due to its multifaceted 
roles in skin homeostasis and disease [19-22]. Recent 
studies have implicated HMGB1 in various dermatological 
conditions characterized by chronic inflammation, disrupted 
barrier function, pigmentation disorders, and premature 
aging [23,24]. Notably, HMGB1 amplifies UVB-triggered 
ferroptosis by promoting lipid peroxidation and suppressing 
glutathione peroxidase 4 (GPX4) activity, thereby 
exacerbating inflammatory signaling in conditions such as 
solar dermatitis and psoriasis-like dermatoses. As a redox-
sensitive DAMP, HMGB1 acts across nuclear, cytoplasmic, 
and extracellular compartments to integrate signals from 
oxidative stress, immune activation, and cellular senescence. 
Its release is regulated by post-translational modifications 
such as acetylation and SIRT1-dependent deacetylation, 
highlighting the importance of epigenetic control [25,26]. 
Understanding the spatiotemporal dynamics and regulatory 
mechanisms governing HMGB1 localization is pivotal 
for developing targeted interventions that address skin 
inflammation, barrier dysfunction, and aging.

Recent studies have implicated HMGB1 in various 
dermatological conditions characterized by chronic 
inflammation, disrupted barrier function, pigmentation 
disorders, and premature aging. In psoriasis and atopic 
dermatitis, extracellular HMGB1 contributes to persistent 
immune activation and epidermal remodelling [27,28]. In 
photoaged skin, UVB-induced oxidative stress promotes 
HMGB1 translocation and release, which in turn amplifies 
senescence-associated secretory phenotype (SASP) signaling 
and matrix degradation [29,30]. Additionally, HMGB1 
modulates melanocyte activity through RAGE-mediated 
signaling, linking inflammation with hyperpigmentation 
[31]. As a redox-sensitive molecule, its biological function is 
finely tuned by its oxidative state, which dictates whether it 
acts as a cytokine inducer or chemotactic agent [3,32]. This 
spatial and redox-dependent plasticity underscores HMGB1’s 
central role as a molecular switch in cutaneous homeostasis 
and pathology.

This review provides an integrated overview of HMGB1’s 
compartment-specific functions, molecular regulation, and 
translational potential, emphasizing its emerging roles 
as both a biomarker of inflammatory skin disorders and a 
therapeutic or cosmeceutical target.

Mechanisms of HMGB1 Translocation and 
Release

HMGB1’s ability to shuttle between cellular 
compartments is key to its diverse biological activities. 
Under basal conditions, HMGB1 predominantly resides in 
the nucleus, where it contributes to chromatin stability and 
DNA processing [33]. However, exposure to cellular stress 
or inflammatory stimuli initiates a tightly orchestrated 
process of HMGB1 translocation. This is governed by specific 
post-translational modifications (PTMs) that disrupt its 
nuclear localization signals (NLSs), facilitating export to the 
cytoplasm and subsequent secretion [34].

Structural Domains and Binding Features of 
HMGB1

HMGB1 is encoded by a gene located on chromosome 
13q12 and translates into a 215-amino acid polypeptide 
comprising three key domains: Box A, Box B, and a 
C-terminal acidic tail [35-38]. Box A and Box B are both DNA-
binding domains, with Box B primarily associated with pro-
inflammatory signaling and Box A exhibiting antagonistic, 
anti-inflammatory properties [36,39,40]. These domains 
form a conserved L-shaped structure with flexible loops, 
allowing HMGB1 to bind to the minor groove of DNA, bend 
its helix, and facilitate chromatin decompaction [5]. The 
acidic tail, rich in negatively charged residues, modulates 
interactions with histones and nuclear proteins through 
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charge-dependent mechanisms [36,39,40].

This domain structure supports HMGB1’s core functions 
in nucleosome stabilization, chromatin remodelling, and 
transcriptional regulation [41,42]. Its conservation across 
species from rodents to humans underscores the evolutionary 
importance of these structural motifs [2,35-38]. Notably, 
HMGB1’s dual DNA-binding capacity enables it to act as a 
context-dependent chromatin organizer or transcriptional 
co-regulator, with its function modulated by redox state 
[41,42]. This structural and functional flexibility positions 
HMGB1 as a central integrator of nuclear architecture and 
cellular stress responses.

Post-Translational Modifications (PTMs) of 
HMGB1

The functional complexity of HMGB1 is significantly 
expanded through a variety of PTMs, which regulate its 
localization, protein–protein interactions. Acetylation of lysine 
residues within the nuclear localization sequences (NLSs) 
disrupts nuclear retention, and facilitates HMGB1 translocation 
to the cytoplasm [43,44]. This process is promoted by histone 
acetyltransferases (e.g., KAT2B, CBP/p300) and inhibited by 
deacetylases (e.g., HDAC4) [45-47], with the TLR4/JAK/STAT1 
axis influencing this acetylation balance. [47,48].

Arginine methylation by PRMTs, such as SETD6, 
reduces HMGB1’s affinity for TLR4 and modulates cytokine 
release, offering immunoregulatory effects in inflammatory 
conditions [49].

Phosphorylation by kinases like protein kinase C 
(PKC), reduces HMGB1’s DNA-binding capacity, enhances 
cytoplasmic localization and enhances pro-apoptotic 
interactions with (e.g., with Bax) [50]. Notably, AMPK-
dependent phosphorylation is linked to HMGB1 release 
during cuproptosis [51].

Redox modifications at cysteines C23, C45, and C106 
define HMGB1’s functional. The fully reduced form activates 
CXCR4 via CXCL12 binding, promoting chemotaxis and tissue 
repair. The disulfide-bonded form (C23–C45 bond, reduced 
C106) activates TLR4, initiating pro-inflammatory signaling. 
Full oxidation (sulfonation of all three cysteines) renders 
HMGB1 inactive, preventing immune activation [52-55]. 
These redox states act as a switch between inflammatory, 
reparative, and inert modes. These redox states act as a 
switch between inflammatory, reparative, and inert modes.

Together, these PTMs serve as molecular switches 
that guide HMGB1’s transition from nuclear sentinel 
to extracellular danger signal, with implications for 
inflammation, immunity, and cell death.

Release Pathways

HMGB1 is released into the extracellular space through 
two distinct pathways: active secretion and passive release 
due to necrosis or through stress-induced signaling triggered 
by ultraviolet (UV) irradiation, infection, or mechanical 
injury. Each mode of release contributes uniquely to the 
inflammatory milieu [34,56].

Active secretion occurs through non-classical pathways, 
as HMGB1 lacks a signal peptide for ER-Golgi-mediated 
export [57]. Instead, it is translocated into autophagic 
vesicles or secretory lysosomes, which subsequently 
undergo lysosomal exocytosis [34]. Exportin-1 facilitates 
nuclear export of acetylated HMGB1 into the cytoplasm, 
a step that is primed by upstream PTMs [58]. This route is 
prominently observed in LPS-stimulated monocytes, but also 
occurs in keratinocytes, hepatocytes, and endothelial cells 
under inflammatory or oxidative stress [59].

Passive release is a hallmark of cell death-associated 
tissue damage. Necrosis, pyroptosis, and ferroptosis 
all lead to membrane disruption and HMGB1 diffusion 
into the extracellular space [60,61]. During ferroptosis, 
HMGB1 release is not merely a consequence but also an 
amplifier promoting lipid peroxidation and sustaining the 
inflammatory loop [47,62-64]. Late-stage apoptosis can also 
result in HMGB1 release, contingent on the redox state of the 
microenvironment, which determines whether HMGB1 will 
act as an immunostimulant or remain inert [65].

Collectively, these release pathways illustrate HMGB1’s 
dual role as both a sensor and effector of cellular stress. While 
active secretion represents a tightly regulated and often 
reversible form of immune communication, passive release 
during ferroptosis and necroptosis serves as an urgent and 
irreversible alarmin signal, rapidly linking intracellular 
injury to systemic inflammatory cascades.

Functional Roles of HMGB1 by Compartment

HMGB1’s diverse biological functions are spatially 
regulated, with its activity contingent upon its localization. 
In the nucleus, HMGB1 maintains chromatin architecture 
and genomic integrity [4,5,48,66,67]. Upon stress-induced 
translocation to the cytoplasm, it orchestrates autophagy and 
modulates inflammation through interactions with stress 
sensors [68-70]. When released extracellularly, HMGB1 acts 
as a quintessential alarmin, activating immune responses 
and contributing to tissue remodelling [71-73].

Its dynamic redistribution between compartments 
integrates cellular stress responses with inflammatory 
signaling. Acting as a DNA chaperone in the nucleus, a 
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stress response modulator in the cytoplasm, and a potent 
inflammatory mediator in the extracellular milieu, HMGB1 
exemplifies structural plasticity and regulatory complexity. 
The following subsections detail its compartment-specific 
functions and underlying mechanisms.

Nuclear HMGB1 – Chromatin, DNA Repair, 
Transcription

Within the nucleus, HMGB1 is indispensable for 
maintaining genomic homeostasis. By binding to the 
minor groove of DNA, HMGB1 induces helical bending, 
which facilitates the recruitment and activity of chromatin 
remodelling complexes and transcriptional regulators 
[74,75]. It stabilizes nucleosomes by modulating histone–
DNA interactions, thereby supporting the plasticity of 
chromatin architecture essential for replication and 
transcription [48,67,76]. HMGB1 also serves as a sentinel 
of genomic integrity. It interacts with DNA repair proteins 
such as XPA and APE1 to enhance nucleotide excision and 
base excision repair, respectively, particularly in response 
to genotoxic stressors like UV irradiation or oxidative 
damage [4,67]. These interactions are vital for preserving 
genome stability and preventing mutagenesis. Additionally, 
HMGB1 influences the transcription of genes involved in 
stress response and immune regulation, linking chromatin 
dynamics with gene expression.

Cytosolic HMGB1

Upon stress or injury, HMGB1 translocate from the 
nucleus to the cytoplasm, a process associated with impaired 
DNA repair capacity and worsened outcomes in models of 
ischemic and inflammatory tissue damage [77,78]. This 
transition highlights the dual role of HMGB1, not only as a 
nuclear architect involved in chromatin maintenance and 
genome stability, but also as a key regulator of cellular 
adaptation to environmental stress.

Once in the cytoplasm, HMGB1 acts as a dynamic 
stress sensor, integrating metabolic cues and inflammatory 
signals to coordinate essential cellular processes [69,70]. 
Inflammatory stimuli such as lipopolysaccharide (LPS), 
UVB irradiation, and oxidative stress promote HMGB1 
cytoplasmic accumulation, where it governs autophagy 
initiation and modulates innate immune responses [11,79-
81]. These cytoplasmic functions enable cells to restore 
homeostasis or, under excessive stress, initiate protective or 
programmed death pathways.

Autophagy

Cytosolic HMGB1 plays a pivotal role in the regulation 
of autophagy, particularly under stress conditions such as 

nutrient deprivation, oxidative injury, or infection [82-85]. 
A key mechanism involves its interaction with Beclin-1 
(BECN1), a critical autophagy initiator. HMGB1 competes 
with Bcl-2 for Beclin-1 binding, thereby releasing Beclin-1 to 
promote autophagosome formation [34,86]. This interaction 
enhances autophagic flux and promotes cell survival during 
metabolic and inflammatory stress [83,87,88].

HMGB1 also interacts with nucleotide-binding 
oligomerization domain-containing protein 2 (NOD2), 
facilitating autophagosome maturation and contributing to 
pathogens clearance and immune regulation, particularly in 
myeloid cells [89].

In various cancer models, such as gliomas and colorectal 
cancer, HMGB1-mediated autophagy contributes to tumor 
adaptation and resistance to therapy [90,91]. However, 
in inflammatory bowel disease (IBD), HMGB1 plays an 
opposing role by preserving intestinal epithelial integrity 
through sustained autophagic activity, highlighting its 
context-dependent duality [92].

Interestingly, autophagy and HMGB1 regulate each 
other bidirectionally. Autophagic vesicles can encapsulate 
and export HMGB1 via secretory pathways, especially 
under prolonged stress. This process is notably active in 
keratinocytes during psoriasis, linking autophagy to chronic 
skin inflammation [93].

However, dysregulated or excessive autophagy may shift 
HMGB1’s role toward promoting autophagy-dependent cell 
death and DAMP release, thereby fuelling inflammatory 
loops. Thus, the HMGB1–autophagy axis is context-
dependent, functioning as a switch between cellular survival 
and immune activation [87].

Thus, the HMGB1–autophagy axis represents a critical 
interface between cellular survival and immunological 
response, balancing repair with inflammation depending on 
the cellular and tissue context.

Inflammation

Beyond autophagy, cytosolic HMGB1 plays a central role 
in orchestrating inflammatory responses by functioning 
as a molecular sensor of nucleic acids and a co-activator 
of pattern recognition receptor (PRR) signaling. Upon 
cellular stress or infection, HMGB1 binds to endogenous or 
pathogen-derived nucleic acids to form immune-stimulatory 
complexes. These complexes are recognized by endosomal 
Toll-like receptors (TLRs) particularly TLR3, TLR7, and 
TLR9 activating downstream IRF3 and IRF7 pathways and 
promoting the expression of type I interferons and pro-
inflammatory cytokines [94].
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In parallel, HMGB1 contributes to cytosolic DNA 
sensing by interacting with the cyclic GMP-AMP synthase 
(cGAS), which in turn activates the STING (stimulator of 
interferon genes) pathway. This cascade further amplifies 
the transcriptional programs involved in antiviral defence 
and sterile inflammation [95].

HMGB1 also modulates inflammasome activation. It 
enhances NLRP3 inflammasome assembly and caspase-1 
activation, facilitating the maturation and release of IL-1β 
and IL-18. Through these actions, HMGB1 integrates stress 
signals into immune effector functions, positioning it at the 
crossroads of innate immune amplification [96,97].

These cytoplasmic functions of HMGB1 highlight its role 
as a molecular bridge linking intracellular danger recognition 
with broader immunological responses. By modulating the 
sensitivity and intensity of nucleic acid-sensing pathways, 
HMGB1 facilitates the elimination of pathogens, but may also 
exacerbate inflammation-related tissue injury.

Extracellular HMGB1

Once released into the extracellular space either actively 
via vesicular transport or passively following cell death HMGB1 
functions as a canonical damage-associated molecular pattern 
(DAMP). It binds to several pattern recognition receptors 
(PRRs), including RAGE, TLR2, TLR4, and CXCR4, initiating 
robust immune signaling cascades [72,73].

Receptor Signaling

Through engagement with TLRs and RAGE, HMGB1 
activates multiple signaling pathways including NF-κB, 
MAPKs (ERK, JNK, p38), IRF3, STAT3, and PI3K/AKT thereby 
inducing the production of pro-inflammatory cytokines and 
chemokine [71,98-104]. These signals coordinate leukocyte 
recruitment, enhance endothelial permeability, and drive 
tissue remodelling. Moreover, HMGB1 amplifies immune 
activation by forming heterocomplexes with molecules such 
as LPS, IL-1β, or DNA [9,105,106].

Beyond its pro-inflammatory functions, HMGB1 also 
plays a key role in tissue repair. In particular, the HMGB1–
CXCL12 complex engages the chemokine receptor CXCR4 
to promote chemotaxis, wound healing, and angiogenesis 
[107,108]. This ligand-receptor interaction is especially 
relevant in the context of tissue regeneration and tumor 
microenvironment signaling, where HMGB1 functions as 
both a guide and a modulator of cellular trafficking.

Activity Modulation

The immunological functions of extracellular HMGB1 
are finely tuned by its redox state. The disulfide-bonded 

form (C23–C45 intact, C106 reduced) promotes cytokine 
release through TLR4 signaling [54,55,109]. In contrast, fully 
reduced HMGB1 binds CXCL12 to activate CXCR4-mediated 
chemotaxis, while fully oxidized HMGB1, where all three 
cysteines are sulfonated, is biologically inert [110-112].

Additionally, HMGB1 activity can be curtailed by 
enzymatic cleavage (e.g., by thrombin) or scavenged by 
soluble receptors such as sRAGE [113]. These mechanisms 
serve as critical checkpoints to resolve inflammation and 
prevent chronic immune activation.

Altogether, extracellular HMGB1 functions as a context-
dependent mediator, switching between pro-inflammatory, 
chemotactic, or inactive roles depending on its redox 
configuration and receptor landscape. Its regulation 
represents a promising therapeutic axis for modulating 
immune responses in inflammatory and regenerative 
medicine.

HMGB1 in Dermatological Conditions

As a multifunctional DAMP, HMGB1 plays a central role 
in dermatological pathophysiology through its dynamic 
localization and context-dependent signaling [114]. This 
section examines HMGB1’s involvement in key skin conditions, 
including psoriasis, atopic dermatitis, pigmentation 
disorders, and aging, and explores its interactions with 
senescence and ferroptosis-linked pathways.

Psoriasis

Psoriasis is characterized by chronic epidermal 
inflammation, keratinocyte hyperproliferation, and 
immune cell infiltration features in which HMGB1 is heavily 
implicated [115,116]. Elevated HMGB1 levels in psoriatic 
skin lesions are driven by autophagy-dependent secretion 
from stressed keratinocytes and fibroblasts [27,93,117,118]. 
Once extracellular, HMGB1 binds RAGE and TLRs on immune 
cells, perpetuating cytokine release (e.g., IL-1β, TNF-α) and 
sustaining Th17-driven inflammation [119-122]. Notably, 
HMGB1 secreted by Langerhans cells further amplifies 
immune cell recruitment, highlighting its multifaceted role 
in psoriasis maintenance [123,124].

Atopic Dermatitis

In atopic dermatitis (AD), a condition marked by 
epidermal barrier dysfunction and allergic inflammation, 
HMGB1 contributes to disease flares through its pro-
inflammatory actions [125-127]. Serum levels of HMGB1 
correlate with AD severity and flare frequency [128]. Topical 
or oral treatment with HMGB1-modulating botanicals such 
as Pruni cortex or ferulic acid attenuates disease severity by 
disrupting HMGB1-dependent NF-κB and TRPV1 signaling 
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[129,130]. These findings reinforce the therapeutic utility 
of targeting HMGB1 to modulate inflammatory circuits and 
enhance skin resilience.

Skin Aging and Pigmentation

In aging skin, HMGB1 participates in senescence-
associated secretory phenotype (SASP) activation 
[20,131]. UVB irradiation and pollutants stimulate 
HMGB1 translocation and release, driving dermal matrix 
degradation via MMPs and cytokines (e.g., IL-6, IL-1β) [132-
135]. The identification of HMGB1 and Lamin B1 as co-
biomarkers in actinic keratosis further supports their utility 
in senescence profiling [136,137]. Moreover, UVB irradiation 
induces ferroptosis a regulated form of cell death which 
further promotes HMGB1 release from keratinocytes [138]. 
Importantly, antioxidant and anti-ferroptotic agents may 
limit HMGB1 release and mitigate photoaging.

Crosstalk with SASP, Melanogenesis, UVB and 
Ferroptosis

HMGB1 has emerged as a key integrator of cellular 
senescence, melanogenesis, and ferroptosis pathways in 
skin biology. In UVB-exposed skin, ferroptotic keratinocytes 
characterized by lipid peroxidation and glutathione 
peroxidase 4 (GPX4) suppression release HMGB1 through 
membrane rupture and exosome-mediated secretion 
[26,31,135,139]. Extracellular HMGB1 reinforces paracrine 
inflammatory signaling and promotes melanogenesis 
by engaging the receptor for advanced glycation end 
products (RAGE) on melanocytes [19]. This HMGB1–RAGE 
axis activates PI3K/Akt and MAPK pathways, leading to 
MITF and tyrosinase upregulation while suppressing pro-
apoptotic BAX, thereby supporting melanocyte survival and 
persistent pigment production [140,141]. Moreover, HMGB1 
establishes a pathological feedback loop in photoaging: 
sustained oxidative stress enhances its release, which in turn 
sensitizes keratinocytes to ferroptosis via ACSL4-mediated 
lipid metabolic reprogramming. Concurrently, HMGB1 primes 
dermal fibroblasts toward a senescence-associated secretory 
phenotype (SASP), amplifying chronic inflammation and 
impairing tissue remodelling [26,138,142]. These insights 
position HMGB1 not merely as a passive alarmin, but as a 
master regulator of skin homeostasis and dysregulation, with 
promising potential as a therapeutic and cosmeceutical target.

Therapeutic Modulation of HMGB1

Given HMGB1’s multifaceted roles in inflammatory 
signaling, cellular stress responses, and tissue remodelling, 
targeted modulation of its activity presents a compelling 
avenue for therapeutic intervention in dermatological 
conditions. This section explores pharmacological and 

cosmetic strategies that harness natural inhibitors, modulate 
secretion pathways, or block receptor interactions to mitigate 
HMGB1-driven pathology.

Natural Inhibitor

Several plant-derived compounds have demonstrated 
efficacy in downregulating HMGB1 signaling. Glycyrrhizin, 
a triterpenoid glycoside from liquorice root, directly binds 
HMGB1 and inhibits its interaction with TLR4 and RAGE 
[143-145]. In murine models of atopic dermatitis and 
psoriasis, glycyrrhizin reduces epidermal HMGB1 levels, 
suppresses cytokine release, and restores skin barrier 
integrity [143,146]. Moreover, glycyrrhizin-mediated 
HMGB1 blockade alleviates inflammation and pruritus in 
atopic dermatitis by inhibiting fibroblast activation and 
disrupting chronic inflammatory circuits [147].

Epigallocatechin gallate (EGCG) also directly binds to 
HMGB1 and delivers it to lysosomes for degradation in an 
autophagy-dependent manner in both immune cells and non-
immune cells [148]. Notably, EGCG induces aggregation of 
HMGB1 through large conformational changes and polarized 
charge redistribution, a process that enhances its lysosomal 
clearance [149]. Additionally, studies demonstrate that EGCG 
functions as a TLR4 inhibitor in vivo, attenuating chronic 
inflammatory responses [150]. Resveratrol inhibits HMGB1 
release via an Nrf2-dependent mechanism and downregulates 
HMGB1-mediated inflammatory cascades by reducing 
oxidative stress and suppressing NF-κB signaling [151,152]. 
Quercetin reduces extracellular HMGB1 while inhibiting 
downstream inflammatory targets such as RAGE, IL-1β, TNF-α, 
and COX-2, and simultaneously upregulates Nrf2 to promote 
cellular antioxidant defence [153]. Senkyunolide I exert 
anti-inflammatory effects in solar dermatitis by inhibiting 
ferroptosis-mediated HMGB1 release and disrupting the 
HMGB1–transferrin receptor 1 (TfR1) positive feedback loop 
[26]. These natural compounds not only inhibit HMGB1 release 
and receptor engagement but also modulate its redox and 
acetylation states, reducing its pro-inflammatory potential. 
Their dual antioxidant and anti-inflammatory effects highlight 
their value in applications for managing skin inflammation, 
hyperpigmentation, and photoaging.

Targeted Strategies: Secretion Inhibition, 
Receptor Blockade, Redox Regulation

Targeted pharmacological strategies provide refined 
control over HMGB1 activity by intervening at critical 
checkpoints in its release or signaling cascade. One approach 
focuses on preventing its cytoplasmic accumulation. For 
instance, the inhibition of nuclear export via XPO1 antagonists 
or activation of histone deacetylases (HDACs) preserves 
HMGB1 within the nucleus, thereby impeding its secretion. In 
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parallel, pharmacological agents such as ethyl pyruvate or 
salicylates suppress HMGB1 release by mitigating oxidative 
stress and stabilizing nuclear retention. Receptor-level 
interventions include the use of sRAGE, which acts as a decoy 
receptor to neutralize HMGB1, and TLR antagonists that 
prevent receptor engagement and downstream inflammatory 
signaling. Additionally, redox-modulating compounds can 
selectively inactivate the pro-inflammatory disulfide form of 
HMGB1 while sparing its chemotactic isoform. This redox-
targeted specificity allows differential modulation of HMGB1’s 
functions in sterile inflammation versus tissue repair, offering 
tailored therapeutic windows based on redox status.

Opportunities in Formulations

Compounds such as metformin, when formulated at 6% 
concentration, have shown efficacy in lowering HMGB1 and 
IL-1β levels in wound healing models, thereby accelerating 
epithelial regeneration [154]. In parallel, antioxidants that 

stabilize HMGB1’s redox state also offer adjunctive benefits 
in anti-aging regimens by preventing HMGB1-mediated 
senescence signaling [133,155,156].

Taken together, natural modulators of HMGB1 present 
a robust toolkit for developing skincare solutions. By 
integrating receptor blockade, secretion inhibition, and 
oxidative regulation, HMGB1-targeting therapies align closely 
with current trends in precision dermatology and functional 
cosmeceutical design. Figure 1 provides a schematic overview 
of HMGB1’s structural domains, compartment-specific 
functions, and their relevance to inflammatory skin disorders. 
The figure summarizes the stepwise translocation of HMGB1 
from the nucleus to the extracellular space under stress 
conditions, and its subsequent activation of pro-inflammatory 
signaling pathways via TLRs and RAGE. These cascades 
contribute to the pathogenesis of psoriasis, atopic dermatitis, 
pigmentation abnormalities, photoaging, and ferroptosis.

Figure 1: Schematic overview of HMGB1 structure, compartment-specific functions, and relevance in inflammatory skin 
diseases. HMGB1 consists of three domains: the anti-inflammatory A-box, the pro-inflammatory B-box, and an acidic tail involved 
in chromatin interactions. In response to stressors (e.g., LPS, UVB, oxidative stimuli), HMGB1 translocates from the nucleus 
(chromatin regulation) to the cytoplasm (autophagy, inflammation), and ultimately to the extracellular space. There, it activates 
pattern recognition receptors (TLRs, RAGE), triggering inflammatory pathways (NF-κB, MAPKs, IRF3, STAT3, PI3K/AKT) 
implicated in skin conditions such as psoriasis, atopic dermatitis, pigmentation disorders, aging, senescence, and ferroptosis.
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Perspectives and Future Directions

HMGB1 integrates signals from oxidative stress, immune 
activation, and cellular senescence, positioning it as a key 
regulatory node in skin health. Future studies should aim to 
map HMGB1 functions across different skin cell types and 
disease states, develop combination strategies using HMGB1-
targeting compounds, and explore novel delivery methods 
to optimize efficacy while minimizing systemic exposure. 
A nuanced understanding of HMGB1 biology will enable 
the design of precision-based therapeutic interventions for 
chronic skin inflammation and aging.

From a therapeutic perspective, development of 
targeted delivery systems such as liposomal, hydrogel-based, 
or nanoparticle-formulated inhibitors may improve the 
bioavailability and precision of HMGB1-targeted compounds 
while reducing systemic exposure. In parallel, HMGB1’s 
release patterns, redox isoforms, and receptor interactions 
offer promising biomarker potential for disease diagnosis, 
staging, and treatment monitoring in inflammatory and 
aging-related dermatoses.

Combining HMGB1-targeted strategies with agents that 
restore barrier function or modulate oxidative stress may 
offer synergistic benefits. Such multimodal approaches align 
with the future of personalized dermatological therapeutics 
and functional cosmetic development.
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