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Abstract

Histones were once thought to be exclusive to the nucleus, but were recently discovered in the extracellular space, where they play impor-
tant roles in disease pathogenesis. In addition to their traditional functions in chromatin organization and gene regulation, extracellular
histones also serve as damage-associated molecular patterns (DAMPs), drive inflammation and immune responses, and are responsible
for the progression of diseases such as sepsis, autoimmune diseases, and inflammatory diseases. To effectively target extracellular his-
tones and improve disease progression, this review begins with the release and pathogenic mechanisms of histones and explains the main
pathogenic mechanisms of extracellular histones in many diseases. In addition, common antagonistic methods for targeting extracellular
histones are summarized, and the mechanisms that need to be further studied at this stage are discussed, providing new directions for the

future development of effective and safe histone-targeting drugs.
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1. Introduction

Histones are a group of highly conserved, basic, posi-
tively charged proteins consisting of five histone subtypes,
that are functionally categorized into linker histones (H1)
and core histones (H2A, H2B, H3, H4). They can also
be classified based on their amino acid composition into
lysine-rich (H1, H2A, H2B) and arginine-rich (H3, H4)
histones [1]. Within the nucleus, histones are the pri-
mary components of nucleosomes, and their complex and
diverse posttranslational modifications (PTMs) play crit-
ical roles in key physiological processes, such as DNA
transcription, replication, and repair [2]. Abnormal hi-
stone modifications within the nucleus have been impli-
cated in the pathogenesis of various diseases [3]. Recent
studies have increasingly indicated that histones released
into the extracellular space from damaged or activated cells
are considered novel damage-associated molecular patterns
(DAMPs). These extracellular histones exhibit significant
toxicity, immune stimulation, and procoagulant functions
both in vivo and in vitro [4,5]. They can stimulate endothe-
lial cells, macrophages, and other immune cells through
specific receptors, thereby inducing the onset of conditions
such as sepsis, liver injury, and myocardial infarction [6—
8]. In this review, we focus on how extracellular histones
mediate injury and immune stimulation, and we discuss the
current status and future prospects of targeting extracellular
histones.

2. Physiological and Pathological Functions
of Histones

2.1 Role of Nuclear Histones in Maintaining Chromosome
Structure and Chromatin Accessibility

To coordinate the accessibility of a vast and orderly
genome, eukaryotic cell nuclei form highly organized chro-
matin structures through the binding of DNA molecules to
proteins, primarily conserved histones [9]. Histones are
basic proteins found within the nucleus that neutralize the
acidic residues of DNA, thereby contributing to the struc-
tural organization and stability of chromatin [10]. Gener-
ally, the nucleosome structure can impede DNA transcrip-
tion through physical obstruction and bending of the DNA
[11,12].

However, histones can also influence chromatin com-
paction and accessibility, thereby regulating gene expres-
sion through posttranslational modifications at their tail
or central globular domains, such as acetylation, methy-
lation, phosphorylation, ubiquitination, and glycosylation
[13,14]. For example, acetylation of histone H4 at lysine 16
(H4K16) has been shown to reduce chromatin compaction
and increase transcription both in vitro and in vivo [15].
In addition to these direct effects, histone modifications
can recruit effector proteins to activate downstream sig-
naling pathways or influence the recruitment of chromatin-
modifying transcription factors, thus exerting indirect reg-
ulatory effects [16].

Therefore, under homeostatic conditions, histones are
confined within the nucleus, where they utilize posttransla-
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tional modifications to regulate chromosome structure and
chromatin accessibility, participating in transcriptional reg-
ulation.

2.2 Release of Extracellular Histones and Disease
Pathogenesis

Histones are considered among the most positively
charged proteins, a characteristic that helps maintain chro-
mosome structure within the nucleus. However, once re-
leased into the extracellular space, this property can trig-
ger inflammatory responses and various harmful effects, in-
cluding tissue damage. In 2002, research first demonstrated
that core nucleosome histones from apoptotic cells can dis-
sociate from chromatin and be released into the extracellu-
lar environment, which is detectable in cell lysates prepared
with nonionic detergents [17]. In 2003, studies in patients
with sepsis revealed significantly elevated plasma nucleo-
some levels due to the involvement of apoptosis in severe
sepsis and septic shock [18]. In 2009, animal models re-
vealed that intravenous infusion of histones was lethal to
mice, whereas the administration of histone antibodies and
activated protein C had protective effects. Elevated histone
levels have also been detected in the serum of patients with
sepsis and are correlated with poor prognosis and high mor-
tality rates [18-20].

Under normal circumstances, histones are retained
within the nucleus, where they regulate chromosomal sta-
bility and epigenetic control. During programmed or non-
programmed cell death, histones can be released into the
extracellular space from any nucleated cell. Additionally,
histones can be actively secreted by living cells, are located
on the surfaces of vesicles, and interact with Toll-like re-
ceptor 4 (TLR4) to initiate signaling [21,22]. All five hi-
stone subtypes can be detected in extracellular media such
as blood, where they can function in a free form, uncon-
strained by other macromolecules, or be released as part
of nucleosomes bound to DNA or in association with other
proteins.

Extracellular histones act as DAMPs, inducing severe
local and systemic inflammatory responses through mech-
anisms such as cytotoxicity, immune stimulation, and co-
agulation. For example, extracellular histones can induce
signaling through TLR4 and TLR2, resulting in cytotoxic
effects on endothelial and renal tubular epithelial cells while
eliciting immune stimulation in bone marrow-derived den-
dritic cells (BMDCs) [23].

2.2.1 Sources of Nuclear Histones

Although histones are typically located within the nu-
cleus, they can also be detected in circulation, on cell sur-
faces, or within the cytoplasm. Histones can be expelled
from living cells in the form of exosomes, but more com-
monly, they are released through dying cells. Apoptosis,
a form of programmed cell death, induces unique post-
translational modifications of histones that facilitate chro-

matin condensation and degradation [21,24-26]. During
the apoptotic process, cysteine protease-activated DNase |
mediates DNA fragmentation, leading to the dissociation
of histones from nucleosomes, which aids in the expulsion
of histones from cells during the later stages of apoptosis
[26]. Additionally, during apoptosis, human lymphocytes,
leukocytes, and monocyte lines passively release nucleo-
somes from microvesicles, increasing the extracellular his-
tone content [27]. Beyond apoptosis, ferroptosis, pyropto-
sis, and necroptosis are also significant sources of extracel-
lular histones [28].

In nonprogrammed cell death, such as necrosis, cell
membrane rupture results in the leakage of cellular contents
into the extracellular space. Although this process does not
exhibit characteristics of apoptosis, such as chromatin frag-
mentation or the activation of intracellular nucleases, evi-
dence shows that necrotic mouse or human cells can release
histones in either bound or unbound states. Once released,
these histones can perform DAMP-like activities, causing
tissue and organ damage [29-31].

In addition to histones released from apoptotic and
necrotic cells, neutrophil extracellular traps (NETs) re-
leased by neutrophils are another important source of ex-
tracellular histones, excluding H1 [32]. NETs are com-
plexes formed from neutrophil elastase (NE), myeloperoxi-
dase (MPO), DNA, and histones, which have antimicrobial
and disease-fighting functions [33]. Classical NETosis is
considered a specific form of neutrophil death associated
with the release of NETs. Under inflammatory conditions,
neutrophils are recruited to sites of infection or tissue dam-
age, where activated neutrophils release histone-containing
NETs, which serve as part of the innate defense to capture
and eliminate pathogens [34]. However, abnormal NET
release can also induce neighboring cells to release addi-
tional DAMPs and even trigger cell death, exacerbating in-
flammatory responses and tissue damage [35]. During the
formation of NETs, increased intracellular reactive oxygen
species (ROS) and calcium ion concentrations activate pep-
tidylarginine deiminase 4 (PAD4), which randomly citrulli-
nates arginine residues on core histone tails, leading to chro-
matin decondensation and promoting NET formation [35].
The released citrullinated histones play significant roles in
the pathogenesis and progression of various diseases.

2.2.2 Extracellular Histones and Their Close Association
With Disease Pathogenesis

Under physiological conditions, low levels of histone
or nucleosome content can be detected in extracellular envi-
ronments, such as serum [36]. However, as their concentra-
tion increases, histones can cause varying degrees of dam-
age to peripheral tissues and organs (Table 1, Ref. [29,37—
42]). High levels of extracellular histones have been de-
tected in the serum of patients with sepsis, autoimmune dis-
eases, and inflammatory conditions [20,43,44]. Moreover,
extracellular histone levels in patients with sepsis are neg-
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Table 1. The effects of histones in organ injury.

Organ Effects of histones
Extracellular histones induce neuroinflammation
. H1 induces microglial phagocytic dysfunction
Brain [37]

HI directly induces neurotoxicity

Exogenous infusion of histones increases infarct size and neurological scores

Retina [38]
that in normal eyes

The intravitreal concentration of histones in the eyes of patients with retinal detachment is higher than

Heart [39]

Extracellular histones induce cardiomyocyte cytotoxicity

Extracellular histones stimulate alveolar macrophage activation and inflammatory responses

Extracellular histones induce endothelial cytotoxicity and immune activation

Lungs [40]

Extracellular histones promote neutrophil aggregation and NETs formation

Extracellular histones induce microvascular thrombosis

Extracellular histones induce activation of inflammasomes within the liver

Liver [41]

Extracellular histones directly induce hepatocyte death

Extracellular histones activate hepatic stellate cells, promoting liver fibrosis

Extracellular histones induce cytotoxicity in renal tubular epithelial cells

Kidney [42]

Extracellular histones promote the formation of NETs, further exacerbating kidney damage

Pancreas [29]

Necrotic acinar cells can release histones

The H3-neutralizing antibody provides significant protection against experimental acute pancreatitis

Abbreviations: NETs, neutrophil extracellular traps.

atively correlated with platelet and antithrombin levels and
are closely associated with mortality rates in these patients
[19]. Elevated histone levels have also been detected in
the serum of patients with severe trauma and are positively
correlated with the severity of the injury, the occurrence of
multiple organ dysfunction, and mortality rates [45]. Simi-
larly, high levels of nucleosomes have been detected in pe-
diatric trauma patients and are correlated with the severity
of injury and coagulopathy [46].

The release of NETs is a significant source of extracel-
lular histones, with citrullinated histone H3 (CitH3) being
a major component of NETs and widely used as a surrogate
marker for NETs in both in vivo and in vitro studies [47].
Given the critical role of NETosis in the occurrence and
progression of endometrial cancer, serum CitH3 and cell-
free DNA (cf-DNA) may serve as noninvasive biomarkers
for tumor-induced systemic effects in endometrial cancer
[48]. Additionally, as important components of NETs, cit-
rullinated and carbamylated histones are associated with the
severity of periodontal disease in patients [49].

Furthermore, components of NETs, including extra-
cellular histones, are believed to play significant pathogenic
roles during the early stages of SARS-CoV-2 infection, po-
tentially serving as biomarkers for assessing disease status
in patients with COVID-19, with implications for clinical
decision-making [50].

Extracellular histones lead to various pathological
changes through multiple mechanisms, contributing to con-
ditions such as sepsis and trauma, as well as damage and fi-
brosis in the lungs, heart, kidneys, liver, and brain [39,51].
In the context of liver fibrosis, extracellular histones can
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activate hepatic stellate cells, promoting the progression of
liver fibrosis [52]. In mouse models of sepsis, interven-
tion with histones has been shown to be lethal and can in-
duce organ damage [53,54]. Additionally, existing studies
indicate that peripheral extracellular histones can cross the
blood-brain barrier, collectively damaging brain cells along
with histones released by cells in the brain, thereby promot-
ing inflammatory responses [55].

Given the significant role of extracellular histones in
trauma and inflammation-related diseases, neutralizing ex-
tracellular histones is considered an important strategy for
treating severe tissue injuries, inflammation, and even in-
fections. Molecules such as activated protein C (APC), hep-
arin, and histone antibodies have been identified as impor-
tant means of neutralizing extracellular histones. There-
fore, in-depth research into the specific mechanisms by
which extracellular histones contribute to disease pathogen-
esis is crucial for targeting extracellular histones and im-
proving disease progression.

3. Roles of Extracellular Histones in the
Mediation of Inflammation and Injury

The spatial localization of histones within the body in-
fluences their roles and functions. In the circulation, the
damaging effects of histones on tissues and organs exhibit
a concentration-dependent relationship. Numerous studies
have shown that extracellular histones mediate the progres-
sion of inflammation and organ injury through several crit-
ical mechanisms, including cytotoxicity, immune stimula-
tion, and vascular coagulation (Fig. 1).
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Fig. 1. Release and mechanisms of action of extracellular histones. Extracellular histones can be released by cells undergoing cell
death processes such as necrosis or apoptosis. In addition, activated neutrophils can undergo NETosis, releasing neutrophil extracellu-
lar traps (NETs), which contain cytotoxic histones. @ Extracellular histones exhibit direct cytotoxicity by disrupting cell membranes,
thereby inducing cell death. @ Extracellular histones bind to Toll-like receptors (TLR2 or TLR4), activating the MyD88 signaling path-
way. This leads to the activation of nuclear factor kappa-B (NF-xB) and the transcription of pro-inflammatory factors. Furthermore,
extracellular histones can induce oxidative stress, promote the activation of the NOD-like receptor thermal protein domain associated
protein 3 (NLRP3) inflammasome, and enhance inflammatory responses. This process can trigger multiple forms of cell death, includ-
ing pyroptosis, apoptosis, and ferroptosis. ® Extracellular histones modulate immune responses by promoting immunogenic changes
in endothelial cells and facilitating the differentiation of regulatory T cells (Tregs), thereby inducing immunosuppression. On the other
hand, extracellular histones can directly bind to T cells and drive their differentiation. @ Extracellular histones contribute to coagu-
lation through multiple mechanisms. They activate platelets, accelerating platelet consumption, and promote the expression of tissue
factor (TF) by endothelial cells. Additionally, extracellular histones can bind to Factor Xa (FXa), enhancing thrombin generation. ®
Extracellular histones can reinforce the formation of NETs through positive feedback mechanisms. They activate macrophages, leading
to the secretion of cathepsins, which in turn activate neutrophils and induce the formation and release of NETs. Abbreviations: 1L-17,

interleukin 17; TNF-«, tumour necrosis factor alpha. Created with BioRender.com.

tides based on histone amino acid sequences possess an-
timicrobial properties, making histone templates useful for
designing new antimicrobial peptides [60]. A recent study
showed that histone H3.1 exhibits effective bactericidal ac-
tivity against Pseudomonas aeruginosa, whereas its citrul-
linated form reduces this activity in cystic fibrosis lungs,
suggesting a potential therapeutic target for cystic fibrosis-
related lung infections [61].

3.1 Antibacterial Functions of Extracellular Histones

Histones and their histone-derived antimicrobial pep-
tides (HDAPs) were first reported to possess antimicro-
bial activity in 1942 [56]. Subsequent studies revealed that
histidine-rich histones exhibit effective bactericidal prop-
erties, surpassing the activity of many antimicrobial agents
[57]. Histones, as antimicrobial biomolecules, constitute
part of the skin’s defense system. Similarly, the lysine-

rich histone H2B and arginine-rich histones H3 and H4
inhibit Escherichia coli growth via outer membrane pro-
tein T cleavage [58]. The complex mixture of calf thy-
mus histones shows notable bactericidal activity against
Bacillus thuringiensis [59]. Consequently, synthetic pep-

However, although histones exhibit potent antimicro-
bial properties, their cytotoxicity at high concentrations
limits their therapeutic application. Given this dual role,
developing histone-derived peptides with reduced cytotox-
icity is essential. A study on various histone H3 molecular
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fragments revealed that histone H3 fragments 35-68 and
69-102 display antimicrobial and cytotoxic activities, re-
spectively [62].

In addition to acting as direct antimicrobial agents, ex-
tracellular histones, as major components of NETs, con-
tribute to host defense. Extracellular NETs, which form ex-
tracellular fibrils on cell surfaces, bind both gram-positive
and gram-negative bacteria, leading to virulence factor
degradation and bacterial death. Core histones, which con-
stitute 70% of NETs, are considered the primary antimicro-
bial components in biological defense [63].

3.2 Cytotoxic Effects of Extracellular Histones

Histones belong to the family of cell-penetrating pep-
tides; however, due to their lack of specificity, they can
induce cell death in a variety of cells while exerting their
antimicrobial activity by forming pores in the membranes
of prokaryotic organisms [64]. Research has shown that
histone H4 can directly bend lipid bilayers, inducing the
formation of pores within the lipid bilayer. Furthermore,
the addition of cholesterol to lipid mixtures enhances the
ability of histone H4 to bend the lipid bilayer [65]. Inter-
estingly, cholesterol levels in the plasma membrane can be
altered by conditions such as hyperglycemia and dyslipi-
demia, which are risk factors for cardiovascular diseases
[66]. Consequently, histone-induced cell death may exac-
erbate the progression of such diseases and mediate adverse
prognoses.

Extracellular histones exhibit cytotoxicity both in vitro
and in vivo. Mouse studies demonstrated dose-dependent
lethality upon injection of histone mixtures, with histone-
neutralizing antibodies or activated protein C (APC) par-
tially reducing mortality [20]. Extracellular histones are
major mediators of mortality during sepsis and are corre-
lated with patient mortality rates. Intravenous injection of
histones induces a pseudoseptic shock state in mice, accom-
panied by neutrophil aggregation, vascular thrombosis, and
fibrosis in the lungs [20,67]. In autoimmune arthritis, ex-
tracellular histones are the principal mediators of synovial
cell and macrophage lysis [68].

Endothelial cells are common targets of extracellu-
lar histones, and elevated histone levels disrupt endothelial
permeability and promote dysfunction, potentially leading
to fatal organ failure [69]. In addition to their effects on
endothelial cells, extracellular histones are directly toxic to
intestinal epithelial cells, neurons, and microglia and play
roles in neuroinflammatory damage [37,70,71]. A recent
study demonstrated the cell type-specific cytotoxic effects
of extracellular histones, with histone H1 exhibiting neu-
rotoxicity, whereas core histones lack this effect. Notably,
histone H1 can kill neurons without affecting astrocytes or
microglia [55].
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3.3 Immunostimulatory Effects of Extracellular Histones

The immune-stimulating function of histones is an-
other major mechanism through which extracellular his-
tones induce damage. High concentrations of histones
induce widespread cytotoxic damage, whereas low con-
centrations of histones can stimulate the production of
chemokines and cytokines. Extracellular histones can ac-
tivate oxidative stress pathways, which, in turn, promote
the activation of the protein domain associated protein 3
(NLRP3) inflammasome and subsequent interleukin-1beta
(IL-1p3) release, exacerbating inflammation [72,73]. Ad-
ditionally, extracellular histones selectively bind and ac-
tivate TLR2 and TLR4 receptors, triggering MyD88 sig-
naling pathways that activate nuclear factor kappa-B (NF-
xB) and mitogen-activated protein kinase (MAPK) target
genes, leading to the secretion of inflammatory cytokines
and resulting in tissue and cellular damage [7,74,75]. The
exposure of human blood to extracellular histones induces
morphological changes in monocytes that are typically ob-
served in patients with sepsis. Furthermore, the injec-
tion of calf thymus histones into the air pouch of a mouse
can induce leukocyte infiltration and the production of
chemokines [76].

In addition to directly inducing inflammatory re-
sponses, endothelial cells are also among the primary
target cells for immune responses induced by extracel-
lular histones. Extracellular histones can modulate the
immunogenicity of endothelial cells. When endothelial
cells are treated with histones and then cocultured with
CD4+ T cells, they promote the differentiation of T cells
into a regulatory T-cell subset expressing human leuko-
cyte antigen-DR (HLA-DR) and cytotoxic T-lymphocyte-
associated protein 4 (CTLA4). This interaction increases
the number of immunosuppressive FoxP3+ T regulatory
(Treg) cells, enhancing immune tolerance [77].

Extracellular histones not only indirectly regulate T-
cell phenotypes by altering the immunogenicity of endothe-
lial cells but also serve as key components of NETs. Hi-
stones can directly promote the differentiation of Th17
cells through TLR2 activation, leading to the activation of
downstream pathways [78]. Moreover, similar effects have
been observed in models of periodontitis, where extracel-
lular histones can trigger the upregulation of IL-17/Th17
responses, promoting mucosal inflammation and bone de-
struction. This mechanism is considered a significant con-
tributor to NET-driven inflammatory bone loss [49].

Furthermore, extracellular histones promote the dif-
ferentiation of alveolar macrophages toward the M1 phe-
notype, stimulating the production and secretion of proin-
flammatory cytokines [79].  Additionally, extracellu-
lar histones can activate the NLRP3 inflammasome in
macrophages through nucleotide-binding oligomerization
domain 2 (NOD2) receptor pathways, leading to pyropto-
sis and contributing to acute liver failure progression [80].
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In addition to their effects on peripheral macrophage func-
tion, extracellular histones also impact immune cells within
the central nervous system (CNS). Histones H1 and H3 in-
crease the production of nitric oxide (NO) and cytokines
in microglia, promoting proinflammatory activation. No-
tably, histone H1 disrupts phagocytic activity in microglia,
further aggravating neuroinflammation [55].

3.4 Positive Feedback of Extracellular Histones on NET
Formation

NETs, a primary source of extracellular histones, play
essential roles in both immune defense and pathogene-
sis. Citrullinated histones, major NET components, are in-
volved in NET-induced cell death, inflammation, and tis-
sue damage. Studies have shown that extracellular his-
tones released by hypoxia-induced necrotic tubular epithe-
lial cells in vitro can trigger NET formation in neutrophils,
which, in turn, can induce further tubular epithelial cell
death and worsen disease progression [42]. Additionally,
extracellular histones released with NETs can induce alveo-
lar macrophages to polarize toward the M1 phenotype. Ac-
tivated macrophages then secrete cathepsin C, promoting
neutrophil NET formation, which subsequently amplifies
tissue damage through positive feedback mechanisms [79].

3.5 Effects of Extracellular Histones on Cellular lon Flux

Ion homeostasis is crucial for maintaining cellular
physiological functions and morphology. In particular, mi-
tochondrial function is highly dependent on ion balance
and is closely related to various diseases, including car-
diovascular and neurodegenerative disorders [81]. For ex-
ample, the activation of mitochondrial potassium channels
may play a protective role in cardiac tissue and neurons.
Conversely, the inhibition of these potassium channels can
lead to cell death [82]. Additionally, ion imbalances play a
significant role in the induction of inflammatory responses.

Extracellular histones affect intracellular calcium
(Ca%") homeostasis. Early studies demonstrated that ex-
posure to histone H1 leads to increased extracellular Ca%+
influx and intracellular Ca?* release in breast cancer cells
[83]. Subsequent research has shown that circulating his-
tones activate nonselective cation channels in the plasma
membrane, rapidly increasing Ca®* levels in endothelial
cells [84]. Intracellular Ca®* homeostasis is crucial for nor-
mal cellular function; therefore, the disruption of Ca?* bal-
ance by extracellular histones significantly impacts tissue
injury. In patients with sepsis, increased levels of extracel-
lular histones correlate with decreased Mgt levels, which
also relate to monocyte levels. In both in vivo and in vitro
sepsis models, the addition of Mg?™ affects calcium signal-
ing pathways, reducing histone-induced macrophage apop-
tosis and phagocytic dysfunction, significantly improving
survival rates in mice [85].

In addition to disrupting Ca?* homeostasis, extracel-
lular histones affect potassium (K*) levels. In studies on

septic lung injury, histone-induced calcium influx in alve-
olar macrophages promotes the transport and localization
of two-pore domain weak inwardly rectifying K+ channel
2 (TWIK2) to the plasma membrane, facilitating TWIK2-
dependent K efflux. This, in turn, activates the NLRP3
inflammasome in alveolar macrophages, triggering inflam-
matory responses [86].

3.6 Effects of Extracellular Histones on Coagulation

Extracellular histones can trigger platelet aggregation
and coagulation, which are associated with microvascu-
lar thrombosis. In septic mouse models, histone admin-
istration results in microthrombi rich in platelets and fib-
rin within pulmonary tissues, along with fibrin deposits in
alveoli [20]. Notably, platelet depletion prevents histone-
induced lethality in mice but does not prevent tissue damage
[87]. Additionally, research has shown that the protective
effects of heparin and albumin against tissue damage are
associated primarily with the inhibition of platelet activa-
tion. In patients with sepsis, extracellular histone H3 levels
negatively correlate with antithrombin levels and platelet
counts, linking histone levels to coagulation abnormalities
and mortality rates [19]. Similarly, the infusion of sublethal
doses of histones into mice can lead to rapid depletion of
platelets, which may result from their activation and aggre-
gation. This phenomenon could also be an important fac-
tor contributing to thrombocytopenia in critically ill patients
[87].

Extracellular histones of all subtypes can noncova-
lently bind fibrin, accelerating the lateral aggregation of
fibrinogen fibrils and inhibiting fibrinolysis, thereby pro-
moting coagulation and enhancing clot stability. Low-
molecular-weight heparin therapy disrupts histone—fibrin
interactions and neutralizes the effects of histones on fib-
rinolysis, mitigating thrombus progression. The effects of
histones on platelet activation and fibrinolytic processes un-
derscore the importance of extracellular histones in the co-
agulation process [88].

4. Therapeutic Approaches Targeting
Extracellular Histones

Numerous studies have demonstrated that extracellu-
lar histones function as DAMPs during tissue injury, dis-
rupting immune signaling and exacerbating tissue damage
through direct cytotoxic effects on other cells. Based on
the mechanisms by which extracellular histones cause dam-
age, therapeutic strategies targeting extracellular histones
can be conceived through several approaches: inhibiting the
release of extracellular histones, directly neutralizing his-
tones, or inhibiting histone signaling pathways.

4.1 Inhibiting the Release of Extracellular Histones

NETosis is one of the primary sources of extracellu-
lar histones, with citrullination being a common modifica-
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tion. As part of NETs, CitH3 plays a significant pathologi-
cal role in mediating tissue damage in diseases such as sep-
sis, acute respiratory distress syndrome (ARDS), COVID-
19, rheumatoid arthritis, and periodontitis [34,89]. Peptidyl
arginine deiminase 4 (PAD4) is the key enzyme responsi-
ble for the citrullination of histone H3. In animal models,
inhibiting PAD4 activity can mitigate disease progression
by reducing histone release and the occurrence of NETosis
[36,90].

4.2 Neutralizing Histones

Drugs that directly target histones need to exert their
neutralizing effect extracellularly to avoid intracellular neu-
tralization, which could lead to cellular dysfunction. C-
reactive protein (CRP) and activated protein C (APC) are
endogenous proteins that are negatively correlated with his-
tone levels in the circulation, suggesting their potential reg-
ulatory effects on extracellular histones [36]. Further re-
search has revealed that CRP can bind to extracellular his-
tones to form complexes, competing with histones for phos-
pholipid binding sites [91]. This competitive inhibition pre-
vents histones from integrating into the plasma membrane,
thereby obstructing their downstream damaging signals. In
both in vivo and in vitro experiments, CRP synthesis has
been found to protect against the cytotoxicity of extracel-
lular histones as well as their prothrombotic and platelet-
activating effects. Moreover, CRP can bind to histone H4,
reducing its cytotoxicity and assisting in the mitigation of
the vicious cycle observed in patients with COVID-19 [92].

Unlike CRP, which functions through competitive in-
hibition by forming complexes with extracellular histones,
activated protein C (APC) reduces extracellular histone lev-
els through proteolytic degradation, thereby mitigating their
cytotoxic effects [93]. Numerous studies have demon-
strated that APC intervention can prevent endothelial dys-
function, organ failure, and high mortality rates caused by
histone infusion [94]. However, subsequent clinical trials
revealed that the use of APC did not benefit patients with se-
vere sepsis [95]. However, ongoing research has validated
the neutralizing effects of APC on histones and its ability
to inhibit NET formation, thereby preventing the damaging
effects of extracellular histones [93]. Given this, further
purification and enhancement of APC activity are critically
important. A recent study designed APC variants to de-
velop histone-neutralizing biologics that reduce the side ef-
fects associated with APC use while enhancing its histone-
neutralizing functions. This targeted approach may offer a
promising avenue for therapeutics aimed at mitigating the
damage caused by extracellular histones [96].

Heparin is a well-tolerated anticoagulant widely uti-
lized in clinical settings [97]. Research has revealed that
exogenously administered heparin is effective in combat-
ing SARS-CoV strains [98]. Moreover, heparin has re-
cently been considered a candidate drug for anti-COVID-
19 therapies, leading to the development of heparin-based
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treatments [99]. As a negatively charged polysaccharide,
heparin can bind to positively charged extracellular his-
tones, thereby neutralizing histone toxicity, excessive in-
flammation, and organ damage [100]. Preclinical stud-
ies have demonstrated that intervention with unfraction-
ated heparin (UFH) significantly reduces histone-induced
inflammatory cytokine levels [98]. In acute respiratory dis-
tress syndrome (ARDS) models, UFH administration hin-
ders histone-induced alveolar macrophage activation and
ameliorates lung tissue damage [72]. UFH has been tested
as an adjunct therapy for sepsis in clinical trials. Further-
more, therapeutic dosages of low-molecular-weight hep-
arin (LMWH) can mitigate the effects of histones on fibri-
nolytic processes by inhibiting histone—fibrin cross-linking,
thereby increasing the efficacy of standard heparin treat-
ment [101]. Research on pregnancy responses in placental
pathways has shown that LMWH, but not aspirin, can re-
verse histone-induced invasion inhibition, suggesting that
the protective effects of LMWH are closely related to his-
tone neutralization [102]. Despite heparin’s significant role
in histone binding and neutralization, the specific dosage
threshold for heparin in animal models remains unclear;
additionally, high doses may increase the risk of bleed-
ing, limiting its further use [103]. Therefore, extensive re-
search on heparin and its derivatives continues. Antithrom-
bin affinity-depleted heparin (AADH), a nonanticoagulant
heparin derived from UFH that depletes the anticoagulant
component, effectively reduces mortality from sterile in-
flammation and sepsis in mouse models without increas-
ing the risk of bleeding [99]. Additionally, M6229, a low-
anticoagulant fraction of UFH, has shown marked therapeu-
tic effects in rat models of acute and lethal inflammation
induced by extracellular histones. Treatment of rats with
M6229 resulted in a dose-dependent increase in activated
partial thromboplastin time (APTT) without bleeding com-
plications and did not significantly affect red blood cell or
platelet counts in the absence of histones [104]. Therefore,
investigating heparin derivatives that minimize side effects
is highly important for neutralizing histones and prevent-
ing damage, with implications for clinical application and
improved disease prognosis.

Methyl S-cellobioside per-O-sulfate (mCBS) is a
highly sulfated small polysaccharide anion (SPA) [105].
Among the many SPAs studied, highly sulfated SPAs have
demonstrated superior affinity for histones, improved the
stability of lipid bilayers, and reduced histone-induced in-
tracellular calcium overload in vitro [105]. mCBS has
shown potential in ameliorating histone-induced damage to
the liver, heart, and kidneys, making it a candidate for clin-
ical development. In a randomized placebo-controlled trial
based on the Mianyang sepsis model, animals in the mCBS
treatment group required less norepinephrine to maintain a
mean arterial pressure of 65-75 mmHg than did those in
the control group [106]. Additionally, the treated group
presented reduced levels of creatinine and lactate, effects
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that were associated with decreased plasma levels of H3.1
nucleosomes [106]. Therefore, the use of mCBS to neutral-
ize extracellular histones could be a significant therapeutic
strategy for targeting histones.

4.3 Inhibiting Histone Signaling Pathways

The release of histones into the extracellular envi-
ronment primarily activates the NLRP3 inflammasome or
the NF-xB and MAPK pathways through binding with
TLR2/4/9 or NOD2. This process leads to an increase in
the release of inflammatory cytokines and the occurrence of
cell death modes such as pyroptosis, apoptosis, ferroptosis,
or necroptosis, further exacerbating tissue damage. Some
studies have indicated that the use of TLR-2/4 inhibitors or
antibodies can mitigate histone-associated immune stimu-
lation and tissue damage, thereby alleviating inflammation
[4,107]. However, these inhibitors and antibodies do not
ameliorate tissue damage across all diseases [8]. Thus, ex-
ploring the specific mechanisms by which histones induce
dysfunction in endothelial cells, immune cells, and other
cellular functions may be crucial for developing effective
therapeutic approaches.

5. Conclusion and Future Directions

Extracellular histones play crucial roles in the patho-
logical processes of diseases such as sepsis and ARDS, con-
tributing to excessive inflammatory responses, endothelial
dysfunction, platelet activation, microvascular thrombosis,
and organ damage. Elevated levels of circulating histones
are correlated with disease severity and increased mortal-
ity rates. To alleviate tissue inflammation, mitigate organ
damage, and improve the progression of histone-induced
diseases, investigations of the specific pathogenic mecha-
nisms of extracellular histones and the development of ef-
fective histone-neutralizing drugs are essential.

Research has revealed that the impact of extracellu-
lar histones on cellular and tissue damage is influenced by
their posttranslational modifications. For example, citH3
is a major component of NETs and mediates inflammation
and death during sepsis-induced acute lung injury (ALI),
making it a potential therapeutic target in mouse models
of endotoxin shock and periodontal bone destruction [108].
Conversely, in models of autoimmune arthritis, extracel-
lular histones can induce lytic cell death in synovial and
macrophages, but their citrullinated forms provide some al-
leviation [68]. However, acetylated histone H3.3 has been
implicated in cytotoxicity and inflammatory responses that
exacerbate chronic obstructive pulmonary disease (COPD)-
related lung damage [109]. Therefore, ongoing research
must focus not only on the overall mechanisms of extracel-
lular histone action but also on the specific modifications
and variants of these histones to lay the groundwork for de-
veloping effective therapeutic drugs.

Additionally, although various therapeutic strategies
targeting extracellular histones have shown potential, com-
parative efficacy studies are lacking. Moreover, owing to
side effects or other limitations, these therapeutic agents
lack validation in authoritative clinical trials and cannot yet
be directly applied in clinical settings. The development of
safe and effective treatments and advancements in disease
therapy remain challenges that need to be addressed.

In summary, extracellular histones play crucial roles
as mediators in various pathological processes, including
the induction of inflammatory responses, endothelial dys-
function, intracellular calcium overload, and immune cell
dysfunction. These phenomena are associated with dis-
ease onset and poor prognosis. This review delves into the
mechanisms underlying extracellular histone release and its
pathogenic impact while highlighting common strategies
for targeting extracellular histones. This approach aims
to offer novel perspectives for improving disease progres-
sion through targeted interventions against extracellular hi-
stones.
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