Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue

REVIEW

Disulfiram as an anti-inflammatory agent:
mechanisms, nano-delivery strategies, and
applications in hon-oncologic diseases

i '.) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 36344

Qiwen Jiang, © 12 Mengni Jiang,+? Yanwei Lv,® Xinyuan Zhang,? Shige Wang & *®
and Jiulong Zhao™?®

Disulfiram (DSF), an FDA-approved drug for alcoholism, has recently emerged as a potent anti-
inflammatory agent. It achieves this by targeting gasdermin D (GSDMD)-mediated pyroptosis, a key driver
of inflammatory responses. This review explores the multifaceted anti-inflammatory mechanisms of DSF,
including its inhibition of GSDMD pore formation, modulation of the STING pathway, suppression of
RIPK1-dependent necroptosis, and disruption of FROUNT-mediated macrophage migration. Despite its
promising in vitro efficacy, DSF's clinical application is hindered by its poor solubility, low bioavailability,
and rapid metabolism. To overcome these limitations, advanced nano-delivery carriers-such as lipid-
based nanoparticles, polymeric carriers, metal—organic frameworks, and peptide conjugates-have been
developed to enhance targeted delivery, prolong circulation, and reduce off-target effects. These
innovations hold significant promise for the treatment of diverse inflammatory diseases, including

respiratory disorders (e.g.,, COVID-19 and acute lung injury), autoimmune conditions (e.g., lupus and

iig:gfei 1ls6ttf1usl>é§toezrr51ber 2025 graft-versus-host disease), and metabolic ailments (e.g., hepatitis and colitis). While challenges remain in
clinical translation, integrating DSF with nanotechnology offers a transformative approach to harnessing

DOI: 10.1039/d5ra04662a its anti-inflammatory properties. This review highlights current advancements, unresolved questions, and

rsc.li/rsc-advances future directions for optimizing DSF-based therapies in inflammation management.

1. Introduction
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Inflammation is a fundamental pathological response of the
body, representing a defensive reaction of vascularized living
tissues to various injurious stimuli. It is a common feature of
the pathological processes of numerous diseases. While
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inflammation can be beneficial in resisting harmful external
stimuli and limiting injury progression, excessive or dysregu-
lated inflammatory responses, such as those seen in autoim-
mune disorders, can exacerbate tissue damage and contribute
to disease severity."” The complexity and diversity of the cells
involved in inflammatory responses, coupled with the intricate
interplay of inflammatory mediators, make the rational use of
anti-inflammatory drugs particularly challenging.** Further-
more, the lack of specificity in targeting distinct inflammatory
pathways complicates the selection of appropriate therapeutic
agents. Addressing these challenges requires a deeper under-
standing of the molecular mechanisms of inflammation and
the development of targeted anti-inflammatory strategies.
Disulfiram (DSF), an FDA-approved medication for alco-
holism, has recently emerged as a promising anti-inflammatory
agent. It is a disulfide derivative of diethyldithiocarbamate
(DEDTC), and it possesses the chemical structure C;oH,oN,S, or
((C,H5),NCS),S, (Fig. 2A). Compared to DEDTC, DSF exhibits
enhanced lipophilicity, a critical pharmacological property that
facilitates  superior cellular membrane permeability.®
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This characteristic renders DSF a more promising therapeutic
candidate than DEDTC for clinical applications. than DEDTC for
clinical applications. Following oral administration, DSF
undergoes conversion into a bis(diethyldithiocarbamate)-copper
complex under gastric acidic conditions, facilitating absorption
and distribution across the gastrointestinal mucosa. The copper
complex subsequently degrades further in systemic circulation to
form diethyldithiocarbamic acid (DDC). Due to its inherent
chemical instability, DDC decomposes into carbon disulfide and
diethylamine or forms a bis(diethyldithiocarbamato)copper(u)
complex (Cu(DDC),).” These metabolic derivatives ultimately
mediate potent cytotoxic effects against malignant cells through
multiple mechanisms, including proteasome inhibition, reactive
oxygen species (ROS) generation, and cuproptosis.*** Further-
more, DSF metabolism may generate reactive nitrogen species,
contributing to its multifaceted pharmacological effects.” A
groundbreaking discovery by Liu and colleagues at the Program
in Cellular and Molecular Medicine, Boston Children's Hospital,
revealed that DSF specifically inhibits gasdermin D (GSDMD),
a key mediator of pyroptosis.’> GSDMD was first identified as
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Fig. 1
(https://www.biorender.com).

a mediator of cellular focal death by Shao et al in 2015, and
pyroptosis was characterized as a form of programmed necrosis
mediated by the Gasdermin (GSDM) family in 2018."*** GSDMD
is a protein that forms on cell membranes and can release
a variety of inflammatory substances and immune response
complexes.”>™" As a newly discovered, potentially effective anti-
inflammatory agent, DSF can alleviate the inflammatory
responses by inhibiting the process of GSDMD pore formation,
thereby suppressing both pore-formation-induced pyroptosis
and its associated release of inflammatory substances.*>'*>*
Recent studies have explored the mechanisms underlying the
anti-inflammatory effects of DSF. In addition to inhibiting
GSDMD-mediated pyroptosis and inflammatory cytokine release
as a specific GSDMD inhibitor, DSF could also alleviate inflam-
mation by suppressing the signaling pathways associated with
proteins, such as STING, RIPK1, and FROUNT.*** Moreover, the
application of DSF in inflammatory diseases has been validated
through numerous mouse models of different non-cancerous
diseases and has shown promise.****

Traditionally administered orally for alcoholism, DSF exhibits
poor pharmacokinetic properties that limit its therapeutic
efficacy.”**® Following oral ingestion, DSF must traverse the
gastrointestinal mucosal barrier and undergo hepatic metabo-
lism before reaching its target tissues. These processes are
accompanied by low bioavailability and suboptimal targeting
efficiency, primarily due to the drug's inherently poor aqueous
solubility. Consequently, the anti-inflammatory potential of DSF
is substantially compromised when delivered via conventional
oral routes.” To address the challenges associated with targeted
delivery and to achieve enhanced accumulation at lesion sites
with minimized systemic side effects, various nano-delivery
platforms have been extensively investigated.**** These carriers
explored for DSF delivery include lipid-based nanomaterials,
polymeric nanomedicine, metal-based nanoparticles, and
peptide-based nanoparticles.®?* They have successfully
enhanced DSF's therapeutic efficacy and delivery efficiency while
promoting gastrointestinal environment-responsive functionality
of the delivery systems.
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This review first explores the anti-inflammatory mechanisms
of DSF, including both GSDMD-related and non-GSDMD-
related pathways. Subsequently, it provides a comprehensive
summary of recent advancements in DSF-based nano-delivery
strategies designed for inflammatory diseases, to enhance the
therapeutic efficacy and minimize adverse effects by optimizing
drug-delivery systems. Finally, contemporary researches on the
therapeutic applications of DSF in inflammatory diseases are
summarized, highlighting emerging trends and innovative
delivery approaches that expand its clinical potential (Fig. 1). By
addressing delivery challenges, this work aims to bridge the gap
between preclinical research and clinical translation, offering
insights into the optimization of DSF's anti-inflammatory
applications. Given the extensive coverage of DSF's applica-
tions in tumor therapy in existing literature, this review will
focus on its therapeutic potential in non-oncologic diseases,

with a particular emphasis on inflammatory conditions.??**

2. Anti-inflammatory mechanisms of
DSF

In recent years, extensive research has been conducted to eluci-
date the anti-inflammatory mechanisms of DSF, revealing
multiple molecular pathways through which it exerts its thera-
peutic effects.® A pivotal mechanism involves the inhibition of
GSDMD pore formation, which plays a critical role in mitigating
inflammatory responses. Consequently, significant attention has
been directed toward understanding GSDMD-related signaling
pathways.*® Beyond this, emerging studies have identified addi-
tional anti-inflammatory pathways associated with DSF, high-
lighting its potential as a multifaceted therapeutic agent for
inflammatory diseases.”*' In this section, we systematically
categorize and discuss these mechanisms into two primary
groups: GSDMD-related and non-GSDMD-related pathways.

2.1 GSDMD-related mechanisms

The Gasdermin (GSDM) family comprises a group of structur-
ally related proteins implicated in immune-related pore

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formation. Among them, GSDMD contains three distinct
domains: an N-terminal cytotoxic domain, a C-terminal inhib-
itory domain, and a central flexible linker*>** (Fig. 2B). Under
enzymatic cleavage by cysteine asparaginase (caspase), GSDMD
releases the N-terminal structural domain (N-GSDMD). The N-
GSDMD can insert into the cell membrane, and large
oligomeric pores can thus be formed. These pores serve as
a channel for the release of a variety of inflammatory factors and
induce cellular pyroptosis. GSDMD can be activated by inflam-
masomes via both classical and non-classical pathways. In the
classical pathway, GSDMD is spliced into N-GSDMD by the
classical inflammasome after the activation of caspase-1 in

FROUNT

Caspase 1/4/5/11 \:/ ShiG
covalent N 7 € — o
bonding oo cGAMP
Disulfiram Cys 191/192 y
Palmitoylation N-GSDMD (N

N
Cys 191/192\,Nj;;5DMD

Oligomerization

Pyroptosis

Fig. 2

g GSDMD

-

""‘um‘.m.‘m.‘“MM

View Article Online

RSC Advances

response to different stimuli. As for the non-classical pathway,
GSDMD is induced to shear by the activation of caspase-4/5/11
after the entry of lipopolysaccharides (LPS) into the cytosol.*
GSDMD palmitoylation plays a pivotal role in the membrane
translocation of N-GSDMD. Hu et al. demonstrated that DSF
effectively suppresses apoptosis triggered by both classical and
non-classical pathways. Intriguingly, this inhibition does not
occur through interference with inflammatory caspase cleavage
or other upstream events in GSDMD activation. Instead, DSF
exerts its effect by covalently modifying Cys191, thereby
impairing GSDMD pore formation."”” Subsequent studies
revealed that GSDMD and N-GSDMD undergo S-palmitoylation
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(A) The molecular structure of DSF. (B) Overall structures of human GSDMDs.*® This figure has been reproduced from ref. 50 with

permission from Elsevier Publications copyright 2019. (C) The anti-inflammatory mechanisms of DSF mainly include the inhibition of GSDMD,
STING pathway, FROUNT pathway, and RIPK1 pathway. CCR, chemokine receptors; TNF, tumor necrosis factor; TNFR1, tumor necrosis factor
receptor 1; RIPKY, receptor-interacting protein kinase 1; MLKL, mixed lineage kinase domain-like; GSDMD, gasdermin D; sGAS, cyclic GMP-AMP
synthase; cGAMP, cyclic GMP-AMP; STING, stimulator of interferon genes; ER, endoplasmic reticulum; IFN, interferon.
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at cysteine residues Cys191 (human) or Cys192 (mice), a process
catalyzed by multiple palmitoylating enzymes. Palmitoylated
GSDMD/N-GSDMD exhibited enhanced interactions with cas-
pases, amplifying the signaling cascade that drives pyroptotic
cell death. This modification is critical for their proper locali-
zation to the cell membrane.** Investigations by Schiffelers et al.
utilizing a variable domain of heavy chain-only antibody tech-
nology demonstrated that the stabilized GSDMD monomers
could spontaneously penetrate the plasma membrane, indi-
cating that membrane insertion served as a prerequisite for
oligomerization.*> This finding substantiated that the N-
GSDMD, upon release, preferentially inserts into the cellular
membrane prior to undergoing oligomeric assembly. Notably,
DSF could effectively inhibit the formation of N-GSDMD,
thereby preventing both its membrane insertion and the
consequent oligomerization process that drives pyroptotic cell
death. Similarly, necrosulfonamide and dimethyl fumarate
inhibited inflammasome-mediated inflammation through the
covalent modification of Cys191/Cys192 residues, thereby
blocking GSDMD pore formation.”»***®* However, all these
therapeutic agents face significant clinical limitations due to
their mechanism of action, which involves non-selective
cysteine modification, resulting in poor targeting specificity
and substantial off-target effects. Among these compounds,
DSF has attracted particular research interest owing to its
established FDA approval status and extensive clinical history as
an anti-alcoholism medication, providing a more favorable
translational pathway compared to investigational compounds.
Further elucidating the regulatory dynamics, Zhang et al
identified that APT2-mediated depalmitoylation of Cys191/
Cys192, following GSDMD-membrane translocation, facilitates
N-GSDMD oligomerization and promotes pyroptosis (Fig. 2C).>
These findings underscore the dual significance of palmitoyla-
tion and depalmitoylation at the Cys191/Cys192 site in modu-
lating pyroptotic pathways, identifying this residue as
a promising therapeutic target. Supporting this, Zhuang et al.
confirmed that DSF covalently binds to Cys192 in murine
GSDMD, blocking palmitoylation and disrupting membrane
localization. This mechanism effectively curtails the release of
inflammatory mediators and subsequent pyroptotic cell
death.®

The inflammatory factors and other mediators of immune
responses released through GSDMD pores can be inhibited by
DSF in inflammatory responses.* It has been reported that after
the inhibition of GSDMD pore formation, the reduced release of
IL-1B could significantly attenuate organ damage in sepsis and
hepatitis.*»*»*> As an extracellular meshwork consisting of
a DNA backbone and a variety of granule proteins released by
neutrophils in response to specific stimuli, neutrophil extra-
cellular traps (NETSs) can trap and kill pathogens and participate
in the regulation of inflammatory responses.>»** Abnormalities
in their release or action process can lead to a variety of auto-
immune diseases and systemic inflammatory responses.”® It
was reported that DSF could reduce the release of NETSs, thus
alleviating the inflammatory response and NETosis triggered by
NETs.***” Therefore, it could be concluded that DSF may be
a potential therapeutic agent for inflammatory responses in

36348 | RSC Adv, 2025, 15, 36344-36364
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terms of NET-related mechanisms. In addition to NETS,
researchers have found that DSF can inhibit the release of
macrophage extracellular traps, offering a potential therapeutic
strategy for treating macrophage-associated inflammations.*®
However, the role of GSDMD pore channels in inflammatory
responses and cellular pyroptosis remains to be further
explored.

2.2 Non-GSDMD-related mechanisms

2.2.1 RNF115-STING. As a dimeric transmembrane protein
on the endoplasmic reticulum, the stimulator of interferon
genes (STING) is crucial for DNA-associated signaling commu-
nication. After the DNA in the cytoplasm binds to cyclic guanine
nucleotide-adenine nucleotide synthetase, STING is activated
by second messenger cGAMPs that bind to STING proteins and
cause conformational changes.**** Thus, aberrant activation of
STING protein against its DNA can lead to severe autoimmune
inflammatory responses.®*®* RNF115 is an E3 ligase that can
promote an inflammatory response mediated by the STING
pathway through its interaction with STING proteins, and this
response can be significantly ameliorated by DSF.** It was
verified that the addition of DSF to peripheral blood mono-
nuclear cells, which were isolated from systemic lupus eryth-
ematosus patients, resulted in a significant reduction in the
expression of inflammatory factors and interferon via the
STING pathway.”” However, given that STING functions as
a crucial cytosolic DNA sensor playing a pivotal role in anti-
infection immunity, it is imperative to develop strategic meth-
odologies, such as localized administration strategies, pulsatile
agonist delivery systems or responsive nano-delivery strategies
that ensure spatiotemporal precision in STING activation.*

2.2.2  RIPK1. Receptor-interacting protein kinase 1 (RIPK1)
is a key serine/threonine kinase involved in cell death regula-
tion, consisting of an N-terminal kinase structural domain, an
intermediate RHIM structural domain, and a C-terminal death
domain.®**® Huang et al. discovered that DSF could directly
bind to RIPK1, inhibit the necroptosis signaling pathway
mediated by the binding, and reduce the activation of the
downstream mixed lineage kinase domain-like protein, thereby
blocking acinar cell necrosis. Additionally, it was demonstrated
that DSF could reduce inflammatory response by inhibiting the
nuclear translocation of nuclear factor kappa-B and the
expression of toll-like receptor 4 (TLR4). Meanwhile, DSF could
also block the formation of NETs induced by damage-associated
molecular patterns, further alleviating pancreatic tissue injury
and systemic inflammation.?

2.2.3 FROUNT. FROUNT proteins can regulate monocyte/
macrophage migration via chemokine receptors (CCRs), mainly
CCR2 and CCR5.%” Notably, CCR2 is reported to play a crucial role
in the recruitment of monocytes, which contribute to the devel-
opment of kidney inflammation and fibrosis.®®* FROUNT protein
could promote pseudopod formation and monocyte/macrophage
chemotaxis in the kidney, and DSF has been shown to target
FROUNT to inhibit macrophage aggregation.>*

Chen et al. employed an in vivo mouse model of crescentic
glomerulonephritis induced by anti-glomerular basement

© 2025 The Author(s). Published by the Royal Society of Chemistry
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membrane antibody to investigate the therapeutic effects of
DSF and its derivative DSF-41. Their findings revealed that both
compounds effectively suppressed the migration and activation
of monocytes/macrophages toward renal tissues by disrupting
the FROUNT-CCR2/CCR5 interaction. This mechanism signifi-
cantly attenuated renal macrophage infiltration and reduced
the secretion of pro-inflammatory cytokines, including tumor
necrosis factor-alpha (TNF-o). Complementary in vitro studies
further demonstrated that DSF impaired macrophage pseudo-
podia formation and chemotactic capacity, corroborating its
anti-inflammatory role in glomerulonephritis pathogenesis.®
In another study, Toda et al. established a nephritis model by
the intravenous injection of anti-glomerular basement
membrane antibody in Wistar-Kyoto rats, and DSF or its highly
effective derivative DSF-41 was orally administered for inter-
vention. The results showed that DSF specifically inhibited the
interaction between FROUNT and chemokine receptors CCR2/
CCR5, blocked the migration of monocytes/macrophages and
the formation of their pseudopodia, and reduced the infiltra-
tion of renal macrophages (a decrease in CD68+ cells). More-
over, DSF downregulated the activation markers of
macrophages, such as CD86 and major histocompatibility
complex class II, as well as pro-inflammatory cytokines,
including TNF-o and C-C motif chemokine ligand 2. Further, it
alleviated podocyte injury and renal fibrosis.” These findings
revealed that DSF inhibited the recruitment and activation of
inflammatory cells via a FROUNT-dependent mechanism,
thereby improving the pathological process of nephritis.

2.2.4 Others. In addition to these well-defined pathways,
several emerging targets have been implicated in DSF's anti-
inflammatory effects. Glycogen synthase kinase-38 (GSK-3p)

View Article Online
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plays a pivotal role in modulating the Nrf2/HO-1 pathway,
which governs antioxidant responses, as well as the NLRP3
inflammasome pathway, which drives pyroptotic cell death.
Consequently, GSK-3f is intricately linked to oxidative stress,
pyroptosis, and inflammatory processes. Recent studies have
demonstrated that DSF mitigates oxidative-damage-associated
pyroptosis and inflammation by downregulating GSK-3p and
NLRP3, thereby attenuating LPS-induced ulcerative colitis (UC)
in both in vivo and in vitro models.”* Intriguingly, Xiao et al.
revealed that GSDMD-mediated pyroptosis also contributes to
the pathogenesis of UC, indicating that DSF may exert its
therapeutic effects through multiple concurrent mechanisms in
the treatment of a single disease.” Furthermore, DSF has been
identified as a specific inhibitor of TLR4. By covalently modi-
fying Cys133 on myeloid differentiation protein-2, DSF disrupts
TLR4 signaling, thereby suppressing the LPS-induced produc-
tion of inflammatory cytokines, chemokines, and interferons in
macrophages.** As research into the anti-inflammatory mecha-
nisms of DSF continues to advance, novel therapeutic applica-
tions are steadily emerging. While current studies
predominantly focus on GSDMD-related inflammatory path-
ways, non-GSDMD-dependent mechanisms, though Iess
explored, hold significant promise for expanding the clinical
utility of DSF.

3. Nano-delivery strategies of DSF

Despite the excellent in vitro anti-inflammatory activity of DSF,
the clinical trials focusing on DSF oral administration show
unsatisfactory results due to the first-pass elimination and low
water solubility of DSF. Therefore, suitable nano-delivery

Table 1 Typical examples of DSF-delivery strategies applied for inflammatory diseases”

Delivery Animal
strategies Formulations Mechanisms models Advantages Ref.
Lipid-based Lipid nanoparticle NLRP3 inflammasome Mice, SP High efficiency; low delivery dose 73
nanomaterials with MCC950 and DSF inhibition
DSF-loaded liposomes GSDMD inhibition Mice, ARDS Targeted delivery; ROS-responsive 32
containing lung endothelial release; excellent
cell-targeting peptides cytocompatibility; minor systemic
toxicity
Polymeric Poly(lactic-co-glycolic acid)-based GSDMD inhibition Mice, OA Sustained release; intra-articular 74
nanomedicine nanoparticles loaded with DSF delivery
DSF@PLGA NPs Reduction in the release Mice, LI Low cytotoxicity; selective uptake; 33
of TNF-a. and IL-6 specific aggregation in the liver
Metal-based CuET nanocrystals NLRP3 inflammasome Mice, IBD High bioavailability; high 75
nanoparticles inhibition biodistribution in the intestine
DSF-loaded CBFD NPs Suppression of NLRP3 Mice, High colloidal stability; effective 76
inflammasome- OLV-LIRI accumulation and release of Cu**
mediated pyroptosis and DSF
Peptide-based C-B-LG/DSF NPs Inhibition of Mice, TBI Selective targeting; retention 77
nanoparticles pyroptosis; reduction of effect; enhanced accumulation;
neuroinflammation prolonged systemic circulation
DSF-LF NP GSDMD inhibition Mice, Safety and effectiveness; 35

sepsis and UC

combination therapy

¢ SP, septic peritonitis; ARDS, acute respiratory distress syndrome; OA, osteoarthritis; LI, liver injury; IBD, inflammatory bowel disease; OLV-LIRI,
one-lung ventilation-induced lung injury and reperfusion injury; TBI, traumatic brain injury; UC, ulcerative colitis; ROS, reactive oxygen species.
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strategies have been explored to improve the utilization rate of
DSF in the treatment of inflammatory diseases (Table 1).

3.1 Lipid-based nanomaterials

Lipid-based nanomaterials represent a prominent class of drug-
delivery systems characterized by their spherical structure,
consisting of a lipid bilayer surrounding an aqueous core for
drug encapsulation.” This design offers simplicity, excellent
biocompatibility, and biodegradability, as lipids are naturally
occurring components in biological systems. Among lipid-
based nanomaterials, liposomes and lipid nanoparticles are
the two primary types widely explored for therapeutic applica-
tions. Lipid nanoparticles have demonstrated significant
potential in enhancing the efficacy of DSF while mitigating its
systemic toxicity. For instance, Nandi et al. developed a dual-
drug delivery system incorporating DSF and MCC950, an
NLRP3 inhibitor, into LNPs.” This formulation exhibited
superior in vitro performance compared to free drug combina-
tions or single-drug nanoparticles. In a mouse model of LPS-
induced septic peritonitis, the LNP-based therapy improved
survival rates and reduced key inflammatory markers, including
active caspase-1 and IL-1pB, which are pivotal components of the
NLRP3 pathway.” However, a notable limitation of LNPs is their
reliance on endosomal escape mechanisms to release encap-
sulated drugs into the cytoplasm, which can restrict their broad
application.””® Furthermore, LNPs can elicit immune
responses by activating the innate immune system, including
the release of pro-inflammatory cytokines and the activation of
the complement system.** This immunostimulatory effect
may lead to systemic inflammatory reactions, which become
more pronounced upon repeated administration of LNPs.**
Certain cationic lipids employed in LNP formulations, such as
dimethyldioctadecylammonium bromide, have been shown to
exacerbate this immunostimulatory potential.®*

Liposomes, another versatile lipid-based platform, are
vesicular structures composed of single or multiple phospho-
lipid bilayers, capable of encapsulating both hydrophilic and
hydrophobic drugs.®*** To avoid damage to middle ear struc-
tures resulting from direct drug delivery, liposome-loaded
DSFs have been developed to accomplish drug delivery from
the middle ear to the cochlea's round window membrane, as
well as to accomplish intracellular aggregation of DSF in the
cochlea.*®® Furthermore, the incorporation of targeting
peptides into liposomal formulations enhances the specificity
of liposomal drug-delivery systems.’® Recent investigations
have revealed that DSF-loaded liposomes conjugated with lung
endothelial cell-targeting peptides (DTP-LET@DSF NPs)
demonstrated therapeutic potential in mitigating acute respi-
ratory distress syndrome (ARDS) through the suppression of
LPS-induced pyroptosis mediated by GSDMD (Fig. 3A). Struc-
tural characterization showed that DTP-LET@DSF NPs main-
tained a uniform spherical morphology with a distinct core-
shell architecture, and the nanoparticles exhibited an average
hydrodynamic diameter of 277.44 + 3.54 nm (Fig. 3B and C).
The delivery strategy demonstrated the preferential accumu-

lation of DTP-LET@DSF NPs in pulmonary vascular
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endothelial cells, with significantly reduced off-target distri-
bution in other tissues (Fig. 3D). Comprehensive safety
assessments revealed favorable biocompatibility profiles, as
evidenced by the minimal systemic toxicity (Fig. 3E-G).
However, comparative in vitro efficacy studies indicated that
the nanoparticle formulation showed attenuated therapeutic
outcomes relative to equivalent concentrations of free DSF
(Fig. 3H).** Despite their success in oncology, the application
of liposomal DSF in inflammatory diseases remains underex-
plored, with many problems to be solved, presenting a prom-
ising avenue for future research. Given that liposomes are
characterized by their fundamental phospholipid bilayer
structure, they exhibit superior biocompatibility and compar-
atively lower toxicity than LNPs.**> This biomimetic
membrane-like architecture results in minimally toxic by-
products during in vivo degradation. The limited toxicity
profile primarily stems from the residual organic solvents
employed in conventional preparation methods.?*** Multiple
liposomal formulations have received regulatory approval for
clinical use, demonstrating a relatively mature pathway for
clinical translation.’>°® However, these systems face challenges
related to long-term storage stability, particularly concerning
drug leakage and liposomal aggregation.®® Addressing these
limitations requires the optimization of lyophilization proto-
cols to enhance the formulation's stability and maintain its
therapeutic efficacy during storage.

3.2 Polymeric nanomedicine

Homopolymers, copolymers, and natural polymers have been
widely used in the design and preparation of various polymeric
nanomedicine carriers. Polymeric nanomedicine can be more
easily engineered into smart nanoparticles with a wide range of
stimulus-responsive structures. Consequently, the application
of polymeric nanomedicine improves the water solubility of
conventional medicines and offers high responsiveness to local
stimuli.®”

Encapsulating DSF with quaternized palmitoyl glycol chito-
san, characterized by a significant positive surface charge (+50.9
+ 1.3 mV), enhances the colloidal stability of nanoparticles and
results in improved pharmacokinetics of DSF.*® Combined with
gelatin methacrylate microgels, polylactic acid-hydroxyacetic
acid copolymer nanoparticles loaded with DSF can achieve
burst release and sustain slow release of DSF, significantly
ameliorating cartilage inflammation.”* Some types of nano-
particles may cause hepatotoxicity since the metabolic pathways
of nanoparticles are unclear, and most of them involve liver
function.”® However, DSF can be effectively delivered using
poly(lactic-co-glycolic) acid nanoparticles (DSF@PLGA NPs),
which show low cytotoxicity and selective uptake by THP-1
macrophage cells via  micropinocytosis,  inhibiting
lipopolysaccharide-induced proinflammatory cytokine produc-
tion in vitro. Furthermore, in vivo experiments have shown that
DSF@PLGA NPs predominantly localize in the liver, particularly
within CD68-positive Kupffer cells, and could significantly
reduce thioacetamide-induced proinflammatory
production and liver injury.**

cytokine
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Some polymeric nanomaterials have limitations, such as
poor pharmacokinetics, premature drug release into the
bloodstream, accumulation in non-target tissues, and limited
drug penetration in target tissues. Although the controllability
of the physicochemical properties of nano-delivery systems can
be increased by the addition of stabilizers, the addition may be

© 2025 The Author(s). Published by the Royal Society of Chemistry

detrimental to the bioavailability and blood concentration
maintenance time of DSF.' Stimuli-responsive nanomaterials
are often used to construct polymeric nanoparticles to enhance
the local responsiveness of the nano-delivery system.'** Colon-
targeted dexamethasone microcrystals (DXMCs) were devel-
oped using a layer-by-layer coating technique with chitosan
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oligosaccharide, alginate, and Eudragit S100 (ES;AG,CH;-
DXMCs) (Fig. 4A). The microcrystals could release dexametha-
sone in a pH-dependent manner, preventing initial burst
release in acidic environments and ensuring sustained release
in the colon (Fig. 4B and C). Notably, ES;AG,CH5-DXMCs
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exhibited enhanced therapeutic efficacy in a mouse model of
colitis compared to other DXMC formulations.'*>'** In another
study, Yao et al. engineered a pH-responsive nanoplatform
(CuS/DSF/EL/PVP) by functionalizing the surface of CuS/DSF
composites with pH-sensitive copolymers, methacrylic acid-
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(A) SEM images and particle-size distribution of dexamethasone powder, CH1-DXMCs, AGsCHs-DXMCs, and ES;AG4CHs-DXMCs. (B)

Drug release profile of AGsCHs-DXMCs and ES;AG4CHs-DXMCs in a medium with gradually increasing pH. (C) Changes in the particle sizes of
AGsCHs-DXMCs and ES;AG4CHs-DXMCs at different pH values. This figure has been reproduced from ref. 102 with permission from Elsevier
Publications copyright 2018.2°2 (D) pH-Responsive CuS/DSF/EL/PVP nanoplatform. (E) Release of Cu®* from the CuS/DSF/EL/PVP nanoplatform
in gastric and colonic fluids. This figure has been reproduced from ref. 104 with permission from Elsevier Publications copyright 2024 104
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ethyl acrylate Eudragit L100-55 (EL) and polyvinylpyrrolidone
(PVP) to achieve site-specific gastrointestinal drug delivery
(Fig. 4D). In vitro release studies revealed the sustained drug
release profile of the platform in simulated gastric fluid (pH 1.2)
and significantly accelerated drug release in a simulated colonic
fluid (pH 7.4), which confirmed EL's capacity to stabilize the
nanoplatform in acidic environments while enabling pH-
triggered payload release and preferential drug accumulation
in colonic tissues (Fig. 4E).'** Despite the significant advance-
ments in polymeric nanodrug delivery systems to date, with
many polymeric nanomaterials (e.g., poly(lactic-co-glycolic acid)
(PLGA)) demonstrating favorable biodegradability and low
acute toxicity, concerns remain regarding their safety profile.'*
Similar to liposomes, these systems face toxicity challenges as
polymer-based nanocarriers are predominantly fabricated from
organic solvents, such as tetrahydrofuran, chloroform, di-
methylformamide, and methanol.'* Crucially, complete solvent
removal often proves technically challenging, and residual
solvents have been well-documented as potential toxicological
liabilities in pharmaceutical development. Polymeric nano-
materials offer diverse sourcing options and can achieve func-
tional versatility through chemical modification. Although
several polymer-based systems have obtained FDA approval

(e.g., PEG-PLA), establishing a foundation for clinical
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translation, their widespread application remains constrained
by significant challenges.'” These include difficulties in main-
taining batch-to-batch homogeneity during large-scale
synthesis and substantial gaps in the understanding of their
pharmacokinetic profiles.'*

3.3 Metal-based nanoparticles

Metal-based nanoparticles have emerged as a widely used
platform for delivering DSF, with copper-based systems being
the most prominent. Copper ions (Cu®") play essential roles in
maintaining enzymatic and protein functions, participating in
various physiological processes. Owing to their bioactive
properties, including antioxidant, catalytic, anti-cancer, and
anti-inflammatory effects, Cu®"-based materials have been
extensively incorporated into biomedical applications. DSF's
primary metabolite, DDC, readily chelates Cu®** to form
a complex known as CuET, which exhibits significantly
stronger anti-inflammatory activity than DSF alone.'*
However, CuET exhibits poor solubility in both aqueous and
organic solutions (Fig. 5A), coupled with limited membrane
permeability (apparent permeability coefficient <1 x 107° cm
s~ ') (Fig. 5B). To address these pharmacokinetic limitations,
Xu et al established a scalable coordination-driven self-

D

o6 ot

< )+
PVPIL . Cu?

CuET

nanocrystal
‘ o\ PR oo
o .
@ Increased solubility ~——3"s / ~——
© Enhanced bioavailability 7_78;‘”[ y Y|  Macrophage
y \ | Macrophage

Disease Model

CuET (pa/g)

(A) Equilibrium solubility of CUET in various common solvents. (B) Apparent permeability values of CUET transported across transwells. (C)

Mean plasma concentration—time profiles of CUET SP and CUET NCs following oral administration at a dose of 60 mg kg~* in Sprague-Dawley
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therapy. (E) Area under the concentration—time curves (AUCq_54) of CUET and CUET NCs. (F) Biodistribution of CUET NCs (60 mg kg% in major
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assembly strategy for synthesizing CuET nanocrystals (CUET
NCs) (Fig. 5C).”® Pharmacokinetic profiling revealed signifi-
cantly elevated plasma concentrations of CuET NCs compared
to those of conventional CuET suspensions at equivalent time
points (Fig. 5D). Notably, the nanocrystalline formulation
demonstrated a 6-fold increase in the area under the concen-
tration-time curve (AUC,_,,) relative to its free drug counter-
part, indicating markedly improved bioavailability (Fig. 5E).
Further biodistribution studies demonstrated that orally
administered CuET exhibited sustained drug retention (>12
hours) in target tissues (Fig. 5F).” However, metal-based
nanodelivery systems exhibit more pronounced toxicity
compared to other types of nanomedicines. Metallic nano-
particles may release metal ions in biological environments,
which can induce cytotoxicity through mechanisms such as
oxidative stress and mitochondrial damage."'® Notably,
copper-based nanoparticles (Cu-NPs) demonstrate higher
toxicity than their ionic counterparts, potentially attributable
to their unique cellular internalization and processing mech-
anisms."™ Furthermore, the progressive accumulation of
metal ions may lead to long-term toxicity concerns, but there
remains a paucity of comprehensive studies investigating the
metabolic fate of and systematic detoxification strategies for
metal-based nano-delivery systems, highlighting a critical gap
in their translational development.**?

In recent years, metal-organic frameworks have attracted
increasing interest as nanocarriers. Due to their high specific
surface area and porosity, they can be used for the high loading of
therapeutic drugs, and with the assistance of organic materials,
they can enhance certain properties of metal-based nano-delivery
systems and reduce the side effects produced by metals.>* A
notable example involves a baicalin-coordinated Cu** nano-
particle co-loaded with DSF, which was applied to models of one-
lung ventilation-induced injury and ischemia-reperfusion lung
damage. This system effectively suppressed NLRP3
inflammasome-mediated  pyroptosis, thereby attenuating
inflammatory responses. The formulation demonstrated excel-
lent colloidal stability under physiological conditions and
enabled targeted co-release of Cu** and DSF within lung tissues.
This strategy facilitated the in situ generation of CuET, mini-
mizing off-target toxicity to other organs.”® Similarly, metal-
organic frameworks frequently exhibit toxicity, primarily attrib-
uted to the leaching of metal ions, resulting from the dissolution
of nanoparticles in aqueous solutions and the subsequent
formation of cytotoxic metal cations. This phenomenon has been
well-documented, particularly for CuO NPs, where the released
Cu”' ions demonstrate significant biological toxicity.'** Moreover,
metal-organic frameworks demonstrate considerable potential
for multi-drug loading by leveraging diverse host-guest interac-
tions. However, the drug loading methodology, strength of these
interactions, and subsequent drug-release behavior are intrinsi-
cally interrelated.”* Achieving stable and controllable release
profiles through the precise modulation of these parameters
represents a critical challenge that requires comprehensive
investigation and optimization in the context of large-scale
production processes.
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3.4 Peptide-based nanoparticles

Peptides are inherently water-soluble, and peptide-drug conju-
gates, formed via covalent bonding between peptides and ther-
apeutic agents, significantly enhance the aqueous solubility and
prolong the bioactivity of the payload drugs.**>¢ Cysteine-
alanine-glutamine-lysine is a well-characterized peptide
frequently employed for nanoparticle surface modification to
improve the penetration efficiency of the blood-brain
barrier.""”"*° Due to the limited ability of DSF to cross the blood-
brain barrier, a recent study successfully achieved brain-targeted
delivery of DSF by modifying B-lactoglobulin (B-LG) nanoparticles
with cysteine-alanine-glutamine-lysine peptide. Morphological
characterization confirmed that both CAQK-modified and
unmodified B-LG/DSF nanoparticles maintained a spherical
shape with a narrow size distribution. The hydrodynamic diam-
eters of C-B-LG/DSF and B-LG/DSF were 156.54 + 4.52 nm and
144.91 + 2.21 nm, respectively. In vivo studies using a murine
traumatic brain injury model showed markedly enhanced DSF
accumulation at the lesion site after the administration of C-B-
LG/DSF compared to the results observed with the unmodified
B-LG/DSF at 6, 12, 24, and 48 hours post-injection.”” These results
demonstrate the efficient and lesion-specific delivery capacity of
this peptide-functionalized nanoplatform.

Notably, peptides and proteins often possess functional
domains that can themselves exert therapeutic effects, poten-
tially acting synergistically with DSF. Lactoferrin (LF), a multi-
functional glycoprotein with potent antimicrobial and anti-
inflammatory properties, has been incorporated into a DSF-LF
nanoparticle system (DSF-LF NPs) that combines the immuno-
suppressive activities of both components. This formulation
effectively inhibited macrophage pyroptosis and the release of
inflammatory cytokines in both LPS-induced sepsis and UC
models.*® Compared with other nanocarrier systems, peptide-
based nanoparticles for DSF delivery remain underexplored.
Nevertheless, their unique biological functions and promising
preliminary results warrant further investigation. The literature
reports relatively few peptide materials exhibiting harmful or
toxic properties, as peptides' toxicity is predominantly deter-
mined by their physicochemical characteristics. These critical
parameters include the amino acid sequence, net charge,
molecular length, amphipathicity, hydrophobicity, and adopted
secondary structures.’” The strategic modulation of these
properties may offer a viable approach to mitigate the potential
toxicity of therapeutic peptides. Additionally, the elimination of
residual toxic solvents during the manufacturing process
represents a critical challenge in peptide-based nano-delivery
systems, with significant implications for scalable production
and clinical translation.

4. The spectrum of inflammatory
diseases treated by DSF

Beyond its well-characterized molecular mechanisms and
advancements in nano-delivery systems, DSF has demonstrated

therapeutic potential across a wide range of inflammatory
disease models. Its ability to inhibit key inflammatory

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pathways, particularly GSDMD-mediated pyroptosis, has posi-
tioned DSF as a versatile candidate for the treatment of
inflammation-driven conditions. This section provides
a detailed overview of DSF's application in various non-
oncologic inflammatory diseases, including respiratory, diges-
tive, autoimmune, urinary, infectious, and other systemic
disorders.

4.1 DSF for respiratory diseases

SARS-CoV-2, the virus responsible for COVID-19, primarily targets
the respiratory system and is associated with various pulmonary
complications. During the COVID-19 pandemic, efforts were
made to identify effective therapeutic agents, and a retrospective
cohort study reported that DSF use was associated with reduced
morbidity and mortality in COVID-19 patients."*' However, the
exact underlying mechanisms remain incompletely understood.
Owing to its anti-inflammatory, antioxidant, and antiviral prop-
erties, DSF and related sulfur-containing compounds have
attracted attention for the treatment and prevention of SARS-
CoV-2-induced complications.”” A recent study revealed that
SARS-CoV-2 activates GSDMD, leading to the release of NETS,
which contribute to COVID-19-associated lung injury and
arthritis."””*"* In addition, DSF exhibited broad-spectrum inhi-
bition of coronavirus major protein by targeting the Cys44
residue of the highly conserved major protein of coronavirus,
validating the feasibility of DSF for treating COVID-2019-induced
diseases resulting from other mechanisms.**

Beyond viral infections, various etiological factors can
induce lung injury and provoke inflammatory responses,
resulting in symptoms such as dyspnea, cough, hemoptysis,
and chest pain. Zhao et al. found that DSF significantly allevi-
ated LPS-induced lung inflammation in acute lung injury by
targeting GSDMD and reducing the lung wet-to-dry weight ratio,
total cell count, macrophages, and neutrophils in bron-
choalveolar lavage fluid, as well as decreasing the serum levels
of TNF-a and IL-6.*° In a subsequent study, Zhao et al
demonstrated that DSF treatment significantly suppressed NET
formation compared to hypoxia/reoxygenation-stimulated
neutrophils (Fig. 6A). Simultaneously, it significantly reduced
the number of fragmented mitochondria, decreased the mito-
chondrial membrane permeability, and reduced the production
of mitochondrial ROS and adenosine triphosphate while
increasing the mitochondrial length in hypoxia/reoxygenation
neutrophils by inhibiting GSDMD (Fig. 6B)."*” These findings
indicate the therapeutic potential of DSF in lung ischemia-
reperfusion injury through the attenuation of NET formation
and the preservation of mitochondrial homeostasis. Moreover,
a recently developed baicalin-based copper-coordinated nano-
medicine co-loaded with DSF was shown to attenuate one-lung
ventilation-induced lung injury in preclinical models without
inducing toxicity, which suggested that DSF treatment could be
considered as a novel and promising therapy for lung injury.”

Additionally, a recent bioinformatic analysis of chronic
obstructive pulmonary disease patient samples from the GEO
database revealed elevated expression of GSDMD in airway
epithelial cells. Subsequent in vivo investigations demonstrated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that DSF treatment in ozone-induced chronic obstructive
pulmonary disease mouse models yielded significant thera-
peutic benefits, including the improvement of histopatholog-
ical alterations and the reduction of oxidative stress markers.
Mechanistically, DSF was shown to attenuate ozone-induced
occludin suppression and partially restore the expression of
tight junction proteins ZO-1 and E-cadherin.” These findings
substantially expanded the potential clinical applications of
DSF in inflammatory airway disorders, particularly for chronic
obstructive pulmonary disease management.

4.2 DSF for digestive diseases

DSF has demonstrated substantial therapeutic potential for use
in various digestive tract inflammatory diseases, functioning by
targeting pyroptosis and modulating the associated inflamma-
tory pathways. Hepatitis, characterized by hepatocellular
degeneration, necrosis, and inflammation, may progress to
cirrhosis if left untreated. DSF has been shown to mitigate
hepatocyte pyroptosis and suppress hepatic inflammation by
downregulating NLRP3, GSDMD, and caspase-1 expression
both in vitro and in vivo, ultimately reducing IL-1p release and
improving liver function.* Additionally, DSF has been impli-
cated in the regulation of autophagy, bile acid metabolism, and
gut microbiota composition, further contributing to its efficacy
in ameliorating cirrhosis and non-alcoholic steatohepati-
tis.’***** Intriguingly, a recent investigation revealed that DSF
conferred protective effects against acetaminophen-induced
acute liver injury through the modulation of gut microbiota
composition. Comparative analysis demonstrated that DSF-
treated mice exhibited significantly higher Shannon index and
Chao index relative to the control group.'** Notably, DSF
administration induced marked alterations in 20 distinct
bacterial genera, among which Akkermansia muciniphila has
been mechanistically demonstrated to exert hepatoprotective
effects via the regulation of the PI3K/Akt signaling pathway in
acetaminophen-induced liver injury.” However, the precise
mechanisms underlying DSF-mediated modulation of gut
microbial abundance remain to be fully elucidated and warrant
further investigation.

Acute pancreatitis (AP), which is often accompanied by
severe abdominal pain, vomiting, and fever, requires urgent
therapeutic intervention due to its potential progression to
systemic inflammatory response syndrome. Recent findings
have demonstrated that DSF exerts significant protective effects
in AP by targeting GSDMD and modulating multiple inflam-
matory pathways. DSF administration led to reduced serum
levels of lipase, amylase, TNF-o, and IL-6, thereby alleviating
pancreatic inflammation (Fig. 6C).**® Furthermore, DSF was
shown to downregulate RIPK1 expression in pancreatic acinar
cells, interfere with the TXNIP/HIF-1¢. axis, and inhibit GSDMD-
dependent NET formation, collectively contributing to the
attenuation of AP severity in murine models.***3*1%

In the context of IBD, such as radiation-induced enteritis and
UC, DSF has demonstrated efficacy through the inhibition of
GSDMD-mediated pyroptosis. Notably, it has been reported that
dual deficiency of GSDMD and GSDME is essential for achieving
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04662a

Open Access Article. Published on 01 October 2025. Downloaded on 10/10/2025 2:04:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Review

A 150 * ok 25+ * X B 8- 151 4
_ * *
an * * —_ * * o z —
—_~ = s ‘; 7
3 2 £ o1 3 2E°
2 100 E . E E 107 cE
- =] - Zz = = o
= =3 < 4+ < E g 27
a8 = g z 1
p s E 10 = i 0.5 52
. o ) - S 3
1
0- 0- 0 T ﬁ T 0.0 T T 0 T T
< > <L >
S & & S & &S & F SR & & &
S X ce“ & o & & s \QZ‘
& & Q & S
C - ™ 300 "
= 10
] wT-sham g
[ WT DSF 50mg/Kg 3 8 =
[0 WI-SAP £ E 200
I WT-SAP DSF 25mg/Kg E @ g
WT-SAP DSF 50mg/Kg 2 Y
S Wr.sAp DSF 100mg/Kg 2 = #
s 4 < 100
=
3 3
0 0
2 s
I —~ 200 E 2
z =
E % . fs a4 —
£ 2 150 2 3 g
= 2 100 g ]
- = ] 2
g : M.
i 3 50 > 1
=
0 0
D - kkk kkk E I n o * F B *kk kkk
0.8 -~ CON 15 H H Prigzli?;:m mila'n a's
- HDM = = g2 24 .
= 0.6 ; < 101 3 S 301
g -# HDM+Disulfiram > . N <, 150 2 30
bt - £ o 20
S 0.44 < 5 £ 1009 [+ M2
2 - 7 » ﬂ
I = M E 50 10'
3 0.21 - A9,
E/I1 0- & Q
*
SRS HDM+ e O\AO ’Z><Q
04 o S & S o
0.0 T 1 <) Q*oo{\\‘ Dlsulflra 00‘3%“& i’o&
SRS o & R ‘IP“\ N xo\% S@% @,9
QO
Time Q\OQ ® N

Fig. 6 The therapeutic potential of DSF in respiratory system diseases, digestive system diseases, and autoimmune diseases. (A and B) DSF
inhibited GSDMD to suppress NET formation and mitochondrial dysfunction. This figure has been reproduced from ref. 127 with permission form
Springer Nature Publications copyright 2024.*27. (C) Inhibition of pyroptosis with DSF alleviated the inflammation of the pancreas and lungs. This
figure has been reproduced from ref. 128 with permission form Frontiers Publications copyright 2021.228. (D) DSF reduced the release of
cytokines, such as IL-18 and thymic stromal lymphopoietin (TSLP), by airway epithelial cells under the stimulation of house dust mite. (E) PI
staining showed that DSF could reduce cell apoptosis. (F) DSF reduced the release of TSLP. This figure has been reproduced from ref. 129 with

permission form John Wiley and Sons Publications copyright 2024.*%°

optimal therapeutic benefit in colitis.”” Accordingly, DSF has
been extensively applied as a GSDMD-specific inhibitor in
experimental IBD models.”*”>**%'%” Moreover, the delivery of
pH-responsive nanomaterials enables the precise release and
concentration control of DSF.**® In the context of chronic
inflammatory diseases, such as IBD and chronic pancreatitis,
the implementation of nano-delivery systems featuring
sustained-release kinetics or environmental responsiveness
may effectively mitigate the potential off-target effects and
toxicity associated with DSF therapy. Such advanced delivery

36356 | RSC Adv, 2025, 15, 36344-36364

platforms could potentially enhance therapeutic efficacy
through the spatiotemporal control of drug release while
simultaneously reducing systemic exposure in non-target
tissues.

4.3 DSF for autoimmune diseases

The prevalence of autoimmune diseases has steadily increased,
driving demand for effective immunomodulatory therapies.
DSF has shown promising efficacy in mitigating various auto-
immune conditions and

transplant-associated immune

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rejection. In vitro studies demonstrated that DSF suppressed
LDH and IL-1B release in airway epithelial cells stimulated by
house dust mite extract (Fig. 6D), reduced apoptosis (Fig. 6E),
and inhibited the secretion of TSLP (Fig. 6F).”*° In systemic
lupus erythematosus mouse models, DSF inhibited GSDMD
pore formation, leading to decreased immune complex accu-
mulation, reduced organ damage, and improved clinical
scores.”?%'* Besides, DSF could also be used for the treatment of
autoimmune prostatitis and systemic sclerosis due to its
inhibitory effect on GSDMD, reducing the scorched death of its
tissue cells."**' The therapeutic effect of DSF in autoimmune
diseases may also involve the inhibition of the STING/MITA
signaling cascade, further suppressing inflammation and
autoimmunity.” DSF has also proven effective in treating
macrophage activation syndrome, a severe and potentially fatal
complication of autoimmune diseases, by targeting GSDMD in
macrophages and reducing IL-18 secretion."*

As critical mediators of inflammatory injury, macrophages
contribute to both acute cellular allograft rejection and chronic
injury, with their infiltration linked to poorer graft function and
prognosis.*** In 2021, Sun et al. found that DSF could target
macrophage pyroptosis and thus inhibit acute graft-versus-host
disease.'* Furthermore, it was shown that DSF could induce M2
macrophage polarization by inhibiting NLRP3 inflammasome-
mediated cellular pyroptosis, which could improve fat graft
retention.’® Besides, DSF could reduce macrophage aggrega-
tion and inhibit the expression of pro-inflammatory factors in
lung transplantation, attenuating acute rejection after lung
transplantation in rats.*¢

4.4 DSF for urinary diseases

Kidneys can suffer from various inflammatory diseases, and
irreversible renal failure can easily occur if the diseases are not
treated properly. DSF has demonstrated robust therapeutic
efficacy in various renal inflammatory disorders. Specifically,
DSF inhibits monocyte and macrophage recruitment by tar-
geting the FROUNT signaling pathway, thereby reducing
inflammatory infiltration and tissue injury in models of
glomerulonephritis.>”°

Studies have shown that DSF exhibits good therapeutic effi-
cacy in the treatment of glomerulonephritis.””*”'*® In vitro
lactate dehydrogenase release and immunofluorescence assays
and in vivo studies on the passive Heymann nephritis rat model
have confirmed that DSF could inhibit the activation and
membrane translocation of the pyroptosis executive protein,
GSDMD, and inhibit the activation of the NLRP3-ASC-Caspase-
1/IL-18/GSDMD signaling pathway. Furthermore, it has been
verified that DSF significantly reduces the abnormal expression
of podocyte injury markers (e.g.,, Desmin and WT-1) and
improves proteinuria and glomerular podocyte fusion.'** DSF
also shows therapeutic efficacy in focal segmental glomerulo-
sclerosis. Through the doxorubicin-induced podocyte injury
mouse model pretreated with DSF, the decreased expression
levels of Tmem30a, nephrin, and WT1 in ADR-induced mouse
podocytes were reversed by DSF (Fig. 7A). Meanwhile, the
expression levels of NLRP3, N-GSDMD/GSDMD, cleaved
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caspase-1/pro-caspase-1, and IL-1B/pro-IL-1 were significantly
decreased (Fig. 7B).""” These results indicated that DSF allevi-
ated ADR-induced podocyte pyroptosis. In another study,
Huang et al. discovered that DSF had a protective effect on mice
with membranous nephropathy induced by LPS-induced acute
kidney injury. After DSF administration, the LPS-induced
pathological damage of the renal tissue and renal dysfunction
were significantly alleviated. In particular, ROS and malondi-
aldehyde were significantly reduced, while the activity of
superoxide dismutase markedly increased. Besides, the
expression levels of NLRP3, caspase-1 p20, and IL-1B were
reduced.™®

4.5 DSF for infectious diseases

Severe infections may progress to sepsis, characterized by
a dysregulated host immune response and potentially life-
threatening organ dysfunction. Recent studies have high-
lighted the role of GSDMD-mediated pyroptosis, alongside the
activation of inflammasomes and STING1, in exacerbating
coagulation and systemic inflammation during sepsis progres-
sion."? Comprising molecules such as high-mobility group box
1, extracellular cold-inducible RNA-binding protein (eCIRP),
heat shock proteins, S100 proteins, histones, and mitochon-
drial DNA, damage-associated molecular patterns have been
ascertained as danger signals (also known as alarmins) that
instigate inflammatory responses in sepsis.'®™*** Tan et al
developed both LPS-induced endotoxemia and cecal ligation
and puncture (CLP)-induced sepsis mouse models, and
demonstrated that DSF treatment, either as pretreatment or co-
administration, significantly reduced the serum levels of eCIRP,
IL-6, and TNF-a, effectively attenuating the systemic inflam-
matory response. Moreover, the use of GSDMD-knockout mice
confirmed that these protective effects of DSF were mediated by
the inhibition of GSDMD-driven pyroptosis.'*® In vitro experi-
ments further validated that LPS activates the caspase-11/
GSDMD pathway, resulting in the formation of N-GSDMD
pores on the cell membrane and promoting the release of
inflammatory cytokines, including eCIRP. DSF inhibited N-
GSDMD oligomerization and thus reduced the release of pro-
inflammatory cytokines from macrophages and neutrophils,
highlighting its potential as a therapeutic agent for sepsis.

In DSF-treated CLP mice, platelet activation, measured by
the percentage of CD41'CD62P" platelets, was significantly
reduced compared to the case in the CLP-only group (Fig. 7C).
Histopathological analysis showed that DSF administration
alleviated lung tissue edema and vascular congestion in septic
mice (Fig. 7D).*****”'* Notably, mitochondria carrying N-
GSDMD can be transferred via microvesicles, activating the
mitochondrial ROS/GSDMD axis in neutrophils, which
contributes to NET formation, tissue damage, and coagulation
disorders.”*** DSF has been shown to suppress N-GSDMD
oligomerization, thereby inhibiting NET formation and
reducing the release of mitochondrial DNA and ROS. The
restoration of the mitochondrial membrane potential in DSF-
treated groups indicated reduced levels of apoptosis and nec-
roptosis. In vivo studies confirmed that DSF pretreatment
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Fig. 7 The therapeutic potential of DSF in urinary system diseases, infectious diseases, and other inflammatory diseases. (A) DSF alleviated
podocyte injury by inhibiting ADR-induced pyroptosis. (B) The expression levels of NLRP3, N-GSDMD/GSDMD, caspase-1/pro-caspase-1, and
IL-1B/pro-IL-1p were significantly decreased. This figure has been reproduced from ref. 147 with permission form Elsevier Publications copyright
2024147 (C) The percentage of blood CD41*CD62P* platelets was detected using flow cytometry. (D) DSF-treated mice had reduced lung tissue
edema and vascular congestion. This figure has been reproduced from ref. 150 with permission form International Journal of Biological Sciences
Publications copyright 2024.1%°. (E) DSF or matrine inhibits the formation of N-GSDMD and the release of IL-18 and IL-1B in the skin tissue of AD
mice. This figure has been reproduced from ref. 151 with permission form Elsevier Publications copyright 202315
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reduced platelet activation, NET formation, and organ damage
in both CLP- and LPS-induced acute lung injury models. These
protective effects were also observed in microvesicles isolated
from bronchoalveolar lavage fluid, further validating DSF's
therapeutic potential in infectious inflammation.**®

4.6 DSF for other inflammatory diseases

In addition to respiratory, digestive, autoimmune, urinary, and
infectious conditions, DSF has shown therapeutic efficacy in
other inflammation-associated diseases through the inhibition
of GSDMD activation and NET formation. Notably, DSF impairs
the activation of peptidylarginine deiminase 4, which plays
a key role in the formation of NETs by mediating histone cit-
rullination. Since NETosis is closely linked to the activation of
the NLRP3 inflammasome and GSDMD, DSF effectively
suppresses this cascade. In patients with diabetic foot ulcers,
DSF treatment significantly decreased the expression of NET
markers, such as citrullinated histone H3 and cell-free DNA, as
well as key proteins in the NLRP3 signaling pathway, indicating
strong anti-inflammatory activity.'® A high-throughput
screening study involving 41 184 small-molecule compounds
identified DSF as a potent inhibitor of NLRP3 inflammasome
activation. DSF dose-dependently reduced ASC speck formation
and IL-1B secretion. In a human forearm patch test model using
sodium dodecyl sulfate to induce irritant contact dermatitis,
pretreatment with 5% DSF cream significantly alleviated
erythema and blood perfusion, as assessed by laser speckle
imaging. Furthermore, the IL-18 levels in the stratum corneum
were markedly reduced in the DSF group, and the therapeutic
effects of DSF is comparable to those of topical corticosteroids
and superior to those of cream-based vehicles (p < 0.001).'%
Furthermore, a study focusing on the Gene Expression
Omnibus database analysis showed that the expression of
GSDMD was upregulated in the skin of patients with atopic
dermatitis. In vivo experiments demonstrated that DSF signifi-
cantly reduced epidermal hyperplasia, dermal thickening, and
mast cell infiltration in a murine AD model. Mechanistically,
DSF inhibited GSDMD cleavage and downregulated pyroptosis-
associated cytokines, such as IL-1B, IL-18, and TNF-a, thereby
mitigating cutaneous inflammation (Fig. 7E).*** Additionally,
DSF exhibits dual antimicrobial and anti-inflammatory prop-
erties. It has been reported that DSF can suppress IL-1f release
both in vitro and in vivo, suggesting that DSF could serve as
avaluable antifungal and antibacterial agent or as an adjunct to
existing antimicrobial therapies.'** Evidence indicates that DSF
can be used to combat a broad range of pathogens, including
bacteria and fungi, providing an expanded therapeutic profile
for inflammation associated with infectious etiologies.'®>"%

5. Summary and prospect

This review highlights recent advances in the research on the
anti-inflammatory effects of DSF and elucidates its underlying
mechanisms. Its central mode of action involves the covalent
modificationof cysteine residues crucial for palmitoylation and
depalmitoylation on GSDMD, thereby disrupting its proper
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membrane localization and oligomerization. Given the pivotal
role of GSDMD in pyroptosis and inflammatory responses, the
inhibition of this pathway by DSF significantly attenuates
inflammation.*® In parallel, DSF modulates several key
signaling pathways, including FROUNT, STING, and RIPK1,
progressively constructing a broader mechanistic framework for
its anti-inflammatory activity.

DSF has emerged as a broad-spectrum therapeutic agent
with demonstrated efficacy across systemic inflammatory
diseases, cancer, metabolic disorders, and infectious
diseases.'” Given the broad spectrum of inflammatory diseases
implicated, current evidence demonstrates that conditions,
such as IBD, sepsis and lung injury, are mechanistically linked
to inflammasome activation and subsequent pyroptosis.”>***'%¢
This pathophysiological understanding has incentivized
considerable research efforts on exploring DSF as a therapeutic
intervention for these disorders.”>****** Furthermore, multiple
nano-delivery platforms engineered for DSF administration
have demonstrated promising therapeutic efficacy across these
disease models. These collective findings highlight the
substantial clinical potential of DSF-based therapies in the
management of inflammasome-mediated inflammatory condi-
tions, particularly IBD and sepsis. However, its poor aqueous
solubility and low oral bioavailability, due to extensive first-pass
metabolism and physiological barriers, significantly hinder its
clinical translation. Consequently, optimizing DSF delivery
remains a critical priority. The lessons learned from DSF-based
nano-delivery systems developed for oncologic applications may
serve as valuable references for inflammatory disease
contexts.>*'%

Nano-delivery systems offer a promising solution to over-
come DSF's pharmacokinetic limitations. The four major
nanotechnologies  discussed—lipid-based, polymer-based,
metal-based, and peptide-based systems—each possess uni-
que advantages and limitations. Collectively, they enhance
DSF's solubility, targeting efficiency, and therapeutic index
while minimizing systemic toxicity. Although the research on
nano-delivery systems in inflammation is less extensive than in
oncology, the accumulating evidence underscores the potential
of nanotechnology to extend DSF's clinical utility for inflam-
matory diseases.

However, nanomedicines still face some problems in appli-
cations. Currently, the most common route of nanomedicine
delivery is the parenteral route, which cause adverse reactions
in long-term administration of nanomedicines. Also, patient
compliance and the convenience of drug administration may
make this route inferior to the oral route. Furthermore, nano-
medicine application is limited in clinical drug trials and
industrial production links. Although the preclinical research
related to nano-delivery systems is booming, the clinical
translation rate is low. Most of the preclinical-clinical trans-
lations involve basic nanomedicines, while nanomedicines with
specific functions, good targeting characteristics, and environ-
mental sensitivity have not yet been successfully applied.**® To
the best of our knowledge, clinical trials of nano-formulated
DSF therapies for inflammatory diseases remain to be initi-
ated. Additionally, most efficacy evaluations are based on
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animal models, such as murine systems, which may not fully
reflect human pathophysiology. The applicability and safety of
nanomaterials with comparable physicochemical properties in
humans remain uncertain. The intrinsic features of nano-
materials, such as small size, surface charge, and specialized
surface chemistry, pose the risk of inducing oxidative stress or
cytotoxicity, especially when manufacturing processes are
suboptimal. Thus, rigorous quality control and standardization
of synthesis methods are essential to ensure clinical safety.

In conclusion, DSF exhibits potent anti-inflammatory prop-
erties and, when integrated with nano-delivery strategies, holds
significant promise for the treatment of inflammatory diseases.
However, to bridge the gap between laboratory research and
clinical practice, further efforts are required to optimize nano-
carrier design, enhance formulation scalability, and establish
robust regulatory frameworks. Advancing these aspects will be
key to unlocking the full therapeutic potential of DSF in future
anti-inflammatory applications.
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