GMR

TARGETING THE LACTYLATION-PYROPTOSIS AXIS IN
CHRONIC WOUNDS: AN IMMUNOMETABOLIC
FRAMEWORK FOR PHYTOCHEMICAL
NANOTHERAPEUTICS

Mohan HS!, Scholastica Mary Vithiya B**

The Original

"Department of Critical Care Medicine, Saveetha Medical College & Hospital (SMCH), Saveetha Institute of Medical and Technical Sciences
(SIMATS), Thandalam, Chennai, Tamil Nadu 602105, India. Email: drmohanhscriticalcare@gmail.com; ORCID: https://orcid.org/0009-
0006-7705-4922

PG and Research Department of Chemistry, Auxilium College (Autonomous), Vellore 632006, Tamil Nadu, India. Email:
schol2005@auxiliumcollege.edu.in

*Correspondence Author: Scholastica Mary Vithiya B, schol2005@auxiliumcollege.edu.in (S.M.V.B.)

ABSTRACT

Chronic wounds represent a considerable clinical burden associated with prolonged inflammation, metabolic
dysregulation, and impaired tissue regeneration. The role of metabolic reprogramming in the maintenance of non-
healing wound environments is being underscored by emerging evidence from immunometabolism. In that regard,
the lactylation—pyroptosis axis has been examined as a novel mechanism that integrates hypoxia-driven glycolysis,
lactate accumulation, epigenetic regulation, and inflammasome-mediated inflammatory cell death. Histone
lactylation serves as a metabolic—epigenetic interface, supporting lactate-derived chromatin modifications
relevant to regulating immune modulation and tissue repair genes. On the contrary, pyroptosis enhances
inflammation through NLRP3 inflammasome activation, caspase-l-mediated cleavage of gasdermin D, and
secretion of pro-inflammatory cytokines including interleukin-1f and interleukin-18. This axis dysregulation
contributes toward sustained inflammation, defective macrophage polarization, and delayed wound healing. This
review offers a summary overview of the immunometabolic profile of chronic wounds, highlighting the
interactions between lactylation and pyroptotic mechanisms. It continues to discuss the therapeutic effect of
phytochemicals as active multifunctional modulators modulating metabolism and inflammation. This review
presents the use of phytochemicals into nanocarrier systems (nanocarriers) as a novel approach for improving
stability, bioavailability, targeted delivery, and controlled release in the wound microenvironment. While
promising preclinical data, translational hurdles include incomplete mechanistic insights, few biomarkers, and
nanotherapeutics scalability challenges. Targeting the lactylation—pyroptosis axis represents an exciting avenue
for the development of next-generation therapies in chronic wound treatment.
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1. INTRODUCTION

Chronic wounds are a major and growing problem for healthcare systems around the world, especially for older
people and those with metabolic disorders like diabetes mellitus[1]. These wounds are characterized by their
failure to advance through the standard phases of healing: hemostasis, inflammation, proliferation, and remodeling
in a synchronized and timely fashion[2]. Instead, they become stuck in a state of long-term inflammation, which
is marked by too much protease activity, trouble with extracellular matrix deposition, and ongoing microbial
colonization[3]. This pathological stagnation not only delays tissue repair but also significantly increases the risk
of complications, including infection, amputation, and mortality[4]. Even though wound care technology has
come a long way, current treatment methods are still not good enough[5]. This shows how important it is to use
mechanistically informed interventions that fix the underlying biological problem

A key aspect of chronic wounds is the disturbance of immune homeostasis, which is intricately linked to changes
in cellular metabolism[6]. In recent years, immunometabolism has shown that metabolic pathways don't just help
immune cells work; they also control how they behave and how they respond to inflammation[7]. Immune cells
in the wound microenvironment undergo significant metabolic reprogramming due to hypoxia, nutrient deficiency,
and continuous inflammatory signals[8]. This reprogramming is marked by a transition to aerobic glycolysis,
resulting in the buildup of metabolic intermediates like lactate[9]. These metabolites act as signaling molecules
that change the type of immune cells, how many cytokines they make, and how quickly tissues heal.
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Macrophages are very important for wound healing and are a good example of what happens when the immune
and metabolic systems are out of balance[9]. In acute wounds, macrophages change from being pro-inflammatory
to pro-reparative, which helps inflammation go away and tissue regeneration begin[10]. In chronic wounds, this
transition is hindered, leading to persistent pro-inflammatory activity and protracted healing[11]. Metabolic
dysregulation contributes directly to this phenomenon by modifying intracellular signaling pathways and
epigenetic landscapes that regulate macrophage function[12]. Glycolytic metabolism and its by-products continue
to promote inflammatory signaling, leading to a self-sustaining cycle of immune activation and tissue damage.
Among the metabolic factors implicated in this process, lactate has emerged as a critical regulator of immune
function[13]. Traditionally regarded as a by-product of anaerobic metabolism, lactate is now recognized as an
active participant in cellular signaling and gene regulation[14]. Elevated lactate levels in hypoxic wound
environments drive a novel epigenetic modification known as histone lactylation, which links metabolic status to
transcriptional control[15]. This modification enables lactate-derived chemical groups to be added to histone
proteins, thereby influencing gene expression programs associated with inflammation and repair[16]. Recent
studies have demonstrated that lactylation serves as a molecular bridge connecting metabolic reprogramming with
immune regulation and chronic inflammatory states[17]. Through this mechanism, lactate not only reflects
metabolic activity but actively shapes cellular responses within the wound microenvironment.

Concurrently, programmed cell death pathways contribute significantly to the pathophysiology of chronic wounds,
with pyroptosis emerging as a key mediator of inflammation[18]. Pyroptosis is a highly inflammatory form of cell
death triggered by activation of inflammasomes, particularly the NLRP3 complex, leading to caspase-mediated
cleavage of gasdermin proteins and subsequent membrane pore formation[19]. This process results in the release
of pro-inflammatory cytokines such as interleukin-1p and interleukin-18, amplifying local inflammation and
recruiting additional immune cells[20]. In chronic wounds, excessive or dysregulated pyroptotic activity
contributes to sustained inflammatory signaling, tissue damage, and impaired regenerative capacity[21]. While
pyroptosis plays a protective role in host defense by eliminating infected or damaged cells, its uncontrolled
activation disrupts the delicate balance required for effective wound healing[22].

Importantly, emerging evidence suggests that pyroptosis is not solely detrimental but may exert context-dependent
effects that influence both inflammation and repair[23]. Controlled activation of pyroptotic pathways can facilitate
clearance of pathogens and promote immune activation necessary for tissue remodeling[24]. However, the
transition from beneficial to pathological pyroptosis is governed by complex regulatory mechanisms that remain
incompletely understood[19]. This dual role highlights the need for precise modulation rather than complete
inhibition of pyroptotic signaling in therapeutic strategies.

The convergence of lactylation and pyroptosis introduces a novel conceptual framework for understanding chronic
wound immunopathology[19]. Recent studies indicate that post-translational modifications, including lactylation,
can regulate key components of pyroptotic signaling pathways, thereby influencing inflammasome activation and
downstream inflammatory responses[25]. Moreover, lactylation has been implicated in the regulation of lytic cell
death processes, suggesting a direct link between metabolic reprogramming and pyroptotic mechanisms[26]. This
interplay establishes a dynamic axis in which metabolic signals modulate inflammatory cell death, while
pyroptotic activity further alters the metabolic and immune landscape of the wound environment[18].
Dysregulation of this lactylation—pyroptosis axis may represent a critical determinant of chronic wound
persistence[27]. Excessive lactate accumulation without appropriate epigenetic control can lead to aberrant
lactylation patterns, while uncontrolled pyroptosis amplifies inflammatory signaling and tissue injury[28].
Together, these processes create a feedback loop that perpetuates immune dysfunction and prevents resolution of
inflammation[29]. Understanding the mechanisms governing this axis is therefore essential for identifying novel
therapeutic targets capable of restoring immune balance and promoting tissue regeneration[30].

Given these insights, targeting the lactylation—pyroptosis axis represents a promising and mechanistically
grounded approach for chronic wound therapy[31]. Rather than focusing on single pathways, this strategy aims
to modulate the integrated network of metabolic, epigenetic, and inflammatory processes that drive disease
progression[32]. By restoring coordination between metabolic signaling and immune responses, it may be possible
to shift the wound environment from a state of chronic inflammation toward effective repair and regeneration[33].
In conclusion, chronic wounds exemplify a complex interplay between immune dysregulation and metabolic
dysfunction, in which traditional therapeutic approaches fail to address underlying biological mechanisms[33, 34].
The emerging recognition of lactylation as a key epigenetic mediator and pyroptosis as a central inflammatory
pathway provides new opportunities for mechanistic intervention[26]. Integrating these processes into a unified
framework highlights the importance of the lactylation—pyroptosis axis as a critical regulator of wound healing
outcomes[35]. Future research focused on this axis holds significant potential for advancing the development of
targeted, effective, and clinically translatable therapies for chronic wound management.

2. Immunometabolic Landscape of Chronic Wounds

The wound microenvironment is a highly dynamic system in which immune responses and metabolic processes
are intricately interconnected[36]. In chronic wounds, this relationship becomes dysregulated, giving rise to a
pathological immunometabolic landscape that perpetuates inflammation and impairs tissue repair[37]. Unlike
acute healing, where metabolic adaptation supports coordinated immune resolution, chronic wounds exhibit
sustained metabolic stress, altered nutrient utilization, and persistent inflammatory signaling[8]. These changes
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collectively reprogram immune cell function, particularly within macrophages, and establish a self-reinforcing
cycle of immune dysfunction.

2.1. Hypoxia-Driven Glycolytic Shift and Lactate Accumulation

A defining feature of chronic wounds is localized hypoxia resulting from vascular insufficiency, impaired
perfusion, and high metabolic demand[38]. Oxygen deprivation profoundly influences cellular metabolism by
promoting a shift from oxidative phosphorylation to aerobic glycolysis, a phenomenon often referred to as the
Warburg-like effect in immune cells[39]. This metabolic transition enables rapid ATP generation and supports
biosynthetic requirements; however, it also leads to the accumulation of lactate as a major metabolic by-
product[40].

In immune cells, particularly macrophages and neutrophils, glycolysis becomes the dominant metabolic pathway
under hypoxic and inflammatory conditions[41]. This shift is not merely an adaptive response but a regulatory
mechanism that shapes immune function[42]. Elevated glycolytic flux increases intracellular levels of
intermediates such as pyruvate and lactate, which act as signaling molecules influencing transcriptional and post-
transcriptional processes[43]. Pro-inflammatory immune cells exhibit enhanced glucose uptake and lactate
production, reflecting their reliance on glycolysis for rapid activation and cytokine synthesis[44].

Lactate accumulation within the wound microenvironment has multifaceted consequences. Traditionally
considered a metabolic waste product, lactate is now recognized as a critical immunomodulatory metabolite[45].
High lactate concentrations can alter pH, inhibit antimicrobial activity, and disrupt cellular communication[46].
At the same time, lactate functions as a signaling molecule that modulates gene expression, immune cell
differentiation, and inflammatory responses[47]. Emerging evidence indicates that lactate interacts with immune
cells through receptor-mediated pathways and intracellular signaling cascades, thereby influencing the balance
between inflammation and repair[48].

Importantly, excessive lactate accumulation in chronic wounds contributes to metabolic stress and perpetuates
inflammatory signaling[45]. Instead of resolving inflammation, the hypoxia—glycolysis—lactate axis maintains
immune cells in a sustained activation state[49]. This persistent metabolic reprogramming prevents the transition
to reparative phases of healing, thereby reinforcing chronicity[8]. Thus, hypoxia-induced glycolytic remodeling
represents a central driver of immunometabolic dysfunction in non-healing wounds[50].

2.2. Macrophage Polarization and Metabolic Plasticity

Macrophages are central regulators of wound healing and exemplify the link between metabolism and immune
function[51]. Their ability to adopt distinct functional phenotypes—ranging from pro-inflammatory to pro-
reparative states—is tightly coupled to their metabolic configuration[52]. In the context of immunometabolism,
macrophage polarization is not solely dictated by external cytokine signals but is fundamentally governed by
intracellular metabolic pathways[53].

Pro-inflammatory macrophages are characterized by a metabolic profile dominated by glycolysis, accompanied
by disruptions in the tricarboxylic acid cycle and increased production of reactive oxygen species[54]. This
metabolic state supports rapid energy generation and facilitates the production of inflammatory mediators[55]. In
contrast, anti-inflammatory macrophages rely on oxidative phosphorylation and fatty acid oxidation, enabling
efficient energy utilization and supporting tissue repair functions[10, 55]. These distinct metabolic programs are
essential for functional specialization and highlight the concept of metabolic plasticity in immune cells.
However, the macrophage phenotype in chronic wounds deviates from this classical paradigm. Instead of
transitioning from inflammatory to reparative states, macrophages often remain locked in a persistent pro-
inflammatory phenotype[56]. This failure of phenotypic switching is driven by sustained metabolic cues within
the wound environment, including hypoxia, nutrient deprivation, and chronic exposure to inflammatory
mediators[57]. As a result, macrophages exhibit impaired plasticity and contribute to prolonged inflammation and
delayed healing.

Recent studies suggest that macrophage polarization exists along a continuum rather than as discrete states. Hybrid
phenotypes displaying both inflammatory and reparative characteristics have been identified, reflecting the
complexity of immunometabolic regulation[58]. These intermediate states are influenced by dynamic metabolic
inputs and microenvironmental signals, further complicating the regulation of immune responses in chronic
wounds[59].

Metabolic intermediates generated during macrophage activation also play regulatory roles in gene expression
and signaling pathways[60]. For instance, metabolites derived from glycolysis and the tricarboxylic acid cycle
can influence epigenetic modifications, transcription factor activity, and cytokine production[61]. This integration
of metabolism and gene regulation underscores the importance of metabolic plasticity in determining macrophage
function. In chronic wounds, disruption of these regulatory mechanisms leads to sustained inflammatory
activation and impaired tissue repair[33].

2.3. Metabolic Control of Inflammatory Persistence

The persistence of inflammation in chronic wounds is not solely a consequence of immune dysregulation but is
fundamentally driven by metabolic control mechanisms[59]. Immunometabolism provides a framework for
understanding how metabolic pathways influence the duration and intensity of inflammatory responses[62]. In
this context, metabolic intermediates act as signaling molecules that regulate immune cell activation, cytokine
production, and cell fate decisions.
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One of the key features of chronic wound inflammation is the continuous activation of innate immune pathways,
including inflammasome signaling[63]. Metabolic reprogramming toward glycolysis enhances the production of
pro-inflammatory mediators and supports the activation of inflammasomes, thereby amplifying inflammatory
responses[64]. At the same time, metabolic stress disrupts feedback mechanisms that normally limit inflammation,
resulting in a failure to resolve immune activation[65].

Lactate plays a central role in this process by modulating both immune signaling and cellular metabolism[66].
Elevated lactate levels can influence the activity of transcription factors and signaling pathways associated with
inflammation, thereby sustaining cytokine production and immune cell recruitment[67]. Additionally, lactate-
mediated signaling may interfere with the resolution phase of inflammation, preventing the transition to tissue
repair[68].

The interplay between metabolism and inflammation is further reinforced by the production of reactive oxygen
species and other metabolic by-products[69]. These molecules contribute to oxidative stress, tissue damage, and
activation of inflammatory pathways[70]. In chronic wounds, the accumulation of such metabolites creates a
hostile microenvironment that perpetuates immune activation and impairs cellular function[34].

Importantly, metabolic control of inflammation is not unidirectional but involves complex feedback loops.
Inflammatory signaling can further alter metabolic pathways, leading to increased glycolysis and lactate
production, which in turn sustains inflammation[71]. This bidirectional relationship establishes a self-amplifying
cycle that underlies the persistence of chronic wound pathology.

Understanding these mechanisms highlights the importance of targeting metabolic pathways as a therapeutic
strategy[72]. By modulating glycolysis, lactate signaling, and associated metabolic processes, it may be possible
to disrupt the cycle of persistent inflammation and restore immune balance[49]. Such approaches have the
potential to shift the wound microenvironment from a state of chronic inflammation toward effective tissue repair.
3. Chronic wound pathophysiology of aetiology is the pathophysiology of pyroptosis of chronic wounds.
Pyroptosis is the predominant pathway of inflammatory cell death Fig 1. and also, has emerged as a major
inflammatory cell death pathway supporting chronic wounds pathophysiologies[73]. While apoptosis is largely
immunologically silent as this process progresses, pyroptosis induces rapid plasma membrane rupture and the
secretion of potent pro-inflammatory mediators, which facilitate immune response amplification[74]. In the case
of chronic wounds, where immune regulation is already compromised, disorganized pyroptotic signaling leads to
increased tissue damage, extended inflammation and dysfunctional regenerative processes[37]. Moreover,
modulated pyroptotic activity can promote host defense and wound debridement and demonstrates its dual and
context-dependent role in tissue repair[75].

3.1. Activation of Inflammasome (NLRP3, Caspase-1)

Pyroptosis initiation is closely associated with the activation of intracellular multiprotein complexes called
inflammasomes. Out of this, the NLRP3 inflammasome is the most well characterized in chronic inflammatory
conditions like non-healing wounds[76]. NLRP3 acts as a cytosolic sensor that responds to numerous danger-
associated molecular patterns and stressors, like reactive oxygen species, extracellular ATP, ion flux disturbances,
and mitochondrial dysfunction which are all present in chronic wound environments[77]. Upon the activation of
NLRP3, the protein undergoes conformational changes and these contribute to the recruitment of the adaptor
protein ASC (apoptosis-associated speck-like protein containing a CARD domain) into a wound surface[78]. They
collectively help form a signaling platform that recruits, activates, and binds pro-caspase-1. In the course of the
autocatalytic cleavage of pro-caspase-1, active caspase-1 exists as the main effector enzyme in canonical
pyroptosis[79]. The resulting activation of caspase-1 mediates two important stages of caspase-1 activation—the
cytokine maturation and the cleavage of the gasdermin family[80]. In chronic wounds, chronic exposure to
inflammatory stimuli induces the NLRP3 inflammasome to be chronically activated. The chronic activation is a
complex biological syndrome and is caused by a myriad of reasons[81]: microbial input, oxidative stress,
metabolic dysregulation, and cellular debris. Consequently, this leads to persistent caspase-1 activity and
overactive inflammatory mediators production that led to the inhibition of inflammation resolution. Of
considerable importance, the activation of NLRP3 has strong association with metabolic signals which, in
particular, glycolysis and mitochondrial dysfunction, are known to support the correlation between
immunometabolism and inflammatory cell death. As much as NLRP3-driven inflammasome activation
contributes significantly to chronic inflammation, it is not entirely pathological[82]. Inflammasome signaling
serves a protective role during early wound responses by signaling pathogen clearance and immune activation.
Nonetheless, if inflammasome activity is not downregulated, chronic wounds are characterized by repeated
activation of the immune system and tissue damage due to sustained inflammation[63]. This emphasizes the role
of the temporal and spatial control of inflammasome signaling in regulating tissue homeostasis.

3.2. Gasdermin mediated membrane pore formation.

A hallmark of pyroptosis is the generation of membrane pores through the action of gasdermin proteins, and more
specifically gasdermin D[83]. After activation by caspase-1, gasdermin D is cleaved into an N-terminal domain
which has an important role in the pore formation and a C-terminal inhibitory domain[83]. The released N-
terminal fragment moves to the plasma membrane where it undergoes oligomerization and the N-terminal
fragment integrates into the lipid bilayer as large non-selective pores[84]. These pores are disruptors of cell
integrity by facilitating the unregulated entry of ions and water, resulting in cell swelling and membrane
disruption[85]. In addition to the induction of cell death, gasdermin-mediated pores function as translocation
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mechanisms directing intracellular substances such as cytokines and damage-associated molecular patterns[86].
This release enhances inflammatory signaling and attracts extra immune cells to the site of injury. Under chronic
wound conditions, extensive gasdermin activation leads to pervasive damage across all tissues[37]. Cytotoxic and
pro-inflammatory molecules are released leading to local inflammation due to sustained generation of membrane
pore formation from immune and resident cells[87]. Moreover, formation of pores compromises epithelial and
stromal cell integrity, disrupting barrier function and delaying tissue regeneration[88]. Recent research indicates
that the activity in gasdermin is regulated by regulatory mechanisms that control the formation of pores and
pyroptotic properties and pyroptotic intensity[88, 89]. Lipid composition, cellular metabolism, and post-
translational modifications mediate the gasdermin functionality, controlling membrane damage degree and
membrane damages[90]. In chronic wounds, derangement of these regulatory factors leads to the uncontrolled
pore formation and augmented tissue injury. Importantly, the gasdermin-mediated processes can offer beneficial
outcomes under controlled conditions in addition to these normal functions[59]. The limited formation of pore
walls can promote the release of signalling molecules that aid tissue remodeling and immune activation[91].
However, in chronic wounds, the balance of good and bad effects is disrupted and therefore leads to pathological
effects.

3.3. Pyroptotic Secretome (IL-1p, IL-18) During Tissue Damage.

Pyroptotic secretome is the body's storage of cytokines, metabolites and intracellular substances produced upon
pyroptotic cell death[73]. Especially, interleukin-1f and interleukin-18 are the most prominent and functionally
important mediators among the above mentioned. These cytokines are produced as inactive precursors, and need
caspase-1-mediated cleavage to be activated[20]. When released, they have potent pro-inflammatory actions,
which promote immune cell recruitment, activation, and amplification of inflammatory signaling[92]. Higher IL-
1B and IL-18 in wounds promote sustained inflammation and reduce healing. IL-1p can therefore promote
expression of adhesion molecules and chemokines, promoting the uptake of neutrophils and macrophages[93].
Although this response is necessary for host defense, large and prolonged cytokine production results in tissue
destruction, slowing down the transition to reparative phases. IL-18, like cytokines, also induces inflammatory
responses and may contribute for different immune cell formation, creating an inflammatory process[94]. Notably,
the pyroptotic secretome contains reactive oxygen species, extracellular ATP, nucleic acids, and other damage-
associated molecular structures, beyond cytokines[95]. Secondary signals that activate inflammasomes, which in
turn sustain inflammatory systems, are activated by these molecules[96]. The production of such factors forms a
feedback loop with pyroptosis leading to increased immune activation, which maintains the pyroptotic
signaling[97]. The total impact of the pyroptotic secretome is a highly inflammatory microenvironment that does
not allow for tissue healing[98]. Chronic cytokine signaling derails fibroblast function, suppresses collagen
deposition, and inhibits angiogenesis, all of which are essential for wound healing[99]. Moreover, high
inflammation stimulates proteins to cleave matrix (inhibit repair) and decrease tissue integrity in the process[100].
Given its pathological role in chronic wounds, the pyroptotic secretome also exhibits context-specific beneficial
effects. Controlled cytokines and other release can play a role in immunomodulating surveillance and will be
beneficial in encouraging early wound healing[101]. But the uncontrolled magnitude and duration of this response
turn a form of protective response into a driver for chronic inflammation. Pyroptosis represents crucial features
of inflammatory signaling pathway between activated inflammasome expression, metabolic stress, and chronic
wound pathophysiology and stress[102]. The NLRP3—caspase-1 axis triggers a series of events that will eventually
disrupt membrane in a gasdermin-dependent manner and produce a powerful inflammatory secretome[ 103]. These
processes are important to host defense but are altered when dysregulated in long-term (chronic) wounds result in
sustained inflammation, local inflammation, tissue inflammation, and impaired repair[34]. It is therefore essential
to address the specific regulatory processes underlying pyroptosis with respect to developing directed therapeutic
strategies that can modulate the death of inflammatory cells while preserving their favorable functions.
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4. Histone Lactylation as an Epigenetic Regulator in Chronic Wound Healing

Histone lactylation has recently emerged as a critical epigenetic modification linking cellular metabolism to gene
expression, providing a mechanistic bridge between metabolic reprogramming and immune regulation[15]. In
chronic wounds, where hypoxia and sustained inflammation drive profound metabolic alterations, lactylation
represents a key regulatory node influencing immune cell function, inflammatory signaling, and tissue repair[45].
Unlike classical epigenetic modifications such as acetylation and methylation, histone lactylation is directly
derived from lactate, positioning it as a unique metabolic-epigenetic interface that responds dynamically to the
wound microenvironment.

4.1 Lactate as a Signaling Metabolite

Lactate accumulation is a hallmark of chronic wound environments, primarily driven by hypoxia-induced
glycolytic metabolism[104]. Traditionally regarded as a metabolic by-product, lactate is now recognized as an
active signaling molecule that modulates cellular behavior through both extracellular receptor-mediated pathways
and intracellular mechanisms[14]. Elevated lactate levels influence immune cell function, angiogenesis, and
fibroblast activity, thereby shaping the overall wound healing response[14].

At the intracellular level, lactate contributes to the formation of lactyl-CoA, a key intermediate required for histone
lactylation[105]. This process enables the transfer of lactyl groups to lysine residues on histone proteins, altering
chromatin structure and regulating gene transcription[106]. The accumulation of lactate in chronic wounds
therefore not only reflects metabolic stress but actively drives epigenetic reprogramming[45]. This paradigm shift
has redefined lactate as a central regulator of gene expression rather than a passive metabolic end product.
Moreover, lactate-mediated signaling exhibits context-dependent effects. Moderate lactate levels can promote
angiogenesis and tissue repair, while excessive accumulation contributes to acidosis, impaired immune function,
and persistent inflammation[107]. This dual role underscores the importance of tightly regulated lactate dynamics
in maintaining tissue homeostasis.

4.2 Mechanisms of Histone Lactylation

Histone lactylation involves the covalent modification of lysine residues on histone tails, leading to changes in
chromatin accessibility and transcriptional activity[105]. This modification is facilitated by enzymatic processes
that remain under active investigation, although parallels with histone acetylation suggest the involvement of
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acyltransferase-like enzymes[108]. The dynamic nature of lactylation allows cells to rapidly respond to metabolic
fluctuations, integrating environmental cues into transcriptional programs.

In macrophages, histone lactylation has been shown to activate genes associated with tissue repair and immune
resolution[109]. This modification promotes the expression of anti-inflammatory and pro-regenerative factors,
enabling the transition from inflammatory to reparative phenotypes[10]. However, in chronic wounds, sustained
metabolic stress leads to aberrant lactylation patterns, disrupting normal gene regulation and contributing to
pathological inflammation.

Importantly, histone lactylation does not operate in isolation but interacts with other epigenetic modifications,
including acetylation, methylation, and phosphorylation[16]. This crosstalk creates a complex regulatory network
that fine-tunes gene expression in response to metabolic signals[110]. The balance between these modifications
determines cellular outcomes, and disruption of this balance in chronic wounds contributes to impaired healing
Fig 2.
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4.3 Role in Macrophage Reprogramming and Immune Regulation

Macrophages are highly sensitive to metabolic cues and serve as primary mediators of lactylation-driven effects
in chronic wounds[111]. The accumulation of lactate in the wound microenvironment influences macrophage
phenotype by modulating epigenetic landscapes[45]. Histone lactylation promotes the expression of genes
associated with tissue repair, angiogenesis, and extracellular matrix remodeling, facilitating the transition toward
a pro-reparative state[112].

However, in chronic wounds, macrophage reprogramming is often incomplete or dysfunctional. Persistent lactate
exposure, combined with ongoing inflammatory signaling, results in mixed or hybrid phenotypes that fail to
effectively resolve inflammation[113]. This impaired reprogramming contributes to the maintenance of a pro-
inflammatory environment and delays tissue regeneration.
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Recent studies suggest that histone lactylation may serve as a timing mechanism that coordinates the transition
from inflammation to repair[45]. Early in the wound healing process, glycolysis-driven lactate production
supports inflammatory responses[114]. As lactate accumulates, lactylation-mediated gene activation promotes
resolution and tissue repair. In chronic wounds, this temporal regulation is disrupted, leading to sustained
inflammation and impaired healing outcomes[114, 115].

4.4 Integration with Inflammatory Signaling Pathways

Histone lactylation is closely linked to inflammatory signaling pathways, including those involved in cytokine
production and inflammasome activation[16]. By regulating gene expression, lactylation influences the
production of inflammatory mediators and the activation of immune pathways[16]. This integration positions
lactylation as a key modulator of the balance between pro-inflammatory and anti-inflammatory responses.
Emerging evidence indicates that lactylation may directly or indirectly regulate components of inflammasome
signaling, including pathways associated with pyroptosis[116]. Through epigenetic control of gene expression,
lactylation can modulate the intensity and duration of inflammatory responses, thereby influencing tissue damage
and repair. This interaction highlights the interconnected nature of metabolic, epigenetic, and inflammatory
processes in chronic wounds.

4.5 Dysregulation in Chronic Wound Pathology

In chronic wounds, the regulatory functions of histone lactylation are disrupted due to sustained metabolic stress
and persistent inflammatory signaling[117]. Excessive lactate accumulation leads to abnormal lactylation patterns,
which can result in inappropriate gene activation or suppression[118]. This dysregulation contributes to impaired
immune resolution, defective angiogenesis, and reduced collagen deposition.

Furthermore, the inability to properly regulate lactylation may exacerbate inflammatory pathways, reinforcing the
cycle of chronic wound pathology[45]. The interplay between lactylation and other epigenetic modifications is
also altered, further complicating gene regulation and cellular responses. These disruptions highlight the
importance of maintaining epigenetic balance for effective wound healing.

4.6 Therapeutic Implications and Future Directions

Targeting histone lactylation represents a promising strategy for modulating immune responses and promoting
tissue repair in chronic wounds[15]. Therapeutic approaches aimed at regulating lactate production, modulating
epigenetic enzymes, or restoring metabolic balance may help normalize lactylation patterns and improve healing
outcomes.

Phytochemical-based therapies and nanocarrier systems offer potential avenues for such interventions. These
approaches can influence metabolic pathways, reduce excessive lactate accumulation, and modulate epigenetic
modifications, including lactylation.[119] By targeting multiple aspects of the immunometabolic network, these
strategies may provide more effective and sustained therapeutic benefits.

Despite these promising developments, significant challenges remain. The precise enzymatic mechanisms
underlying histone lactylation are not fully understood, and the context-dependent effects of lactate complicate
therapeutic targeting[ 120]. Additionally, the lack of specific biomarkers for lactylation limits the ability to monitor
treatment responses and stratify patients[121].

Future research should focus on elucidating the molecular machinery governing lactylation, identifying key
regulatory targets, and developing selective modulators[122]. Advanced technologies such as single-cell
epigenomics and metabolomics will be essential for understanding the spatial and temporal dynamics of
lactylation in wound environments. Furthermore, integrating lactylation studies with clinical research will be
critical for translating these findings into effective therapies[123].

5. Lactylation—Pyroptosis Axis in Chronic Wound Immunometabolism

The convergence of metabolic reprogramming, epigenetic regulation, and inflammatory cell death defines a
critical mechanistic axis governing chronic wound pathophysiology[21]. Within this framework, the lactylation—
pyroptosis axis has emerged as a central integrative pathway linking hypoxia-driven metabolic alterations to
inflammasome-mediated inflammatory responses. This axis represents a dynamic interface where metabolic
intermediates directly influence gene expression and immune signaling, ultimately determining the balance
between persistent inflammation and tissue regeneration[124]

5.1 Metabolic-Epigenetic Coupling in Chronic Wounds

Chronic wounds are characterized by sustained hypoxia, impaired perfusion, and elevated metabolic demand,
leading to a persistent shift toward glycolytic metabolism[6]. This metabolic adaptation results in the
accumulation of lactate, which serves not only as an energy by-product but also as a regulatory metabolite capable
of influencing cellular signaling pathways[125]. The intracellular conversion of lactate into lactyl-CoA enables
its utilization in histone lactylation, a post-translational modification that alters chromatin accessibility and
transcriptional activity.

Histone lactylation provides a direct mechanistic link between metabolic state and gene expression. By modifying
lysine residues on histone tails, lactylation promotes the transcription of genes associated with immune
modulation, angiogenesis, and tissue repair[16]. In macrophages, this modification facilitates a transition toward
reparative phenotypes by activating gene programs involved in extracellular matrix remodeling and growth factor
production[33]. However, in chronic wounds, the sustained elevation of lactate disrupts the temporal regulation
of lactylation, leading to aberrant transcriptional responses[27].
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Importantly, lactylation does not function in isolation but interacts with other epigenetic modifications, including
acetylation and methylation, forming a complex regulatory network[16]. This crosstalk determines the specificity
and magnitude of gene expression changes. In the chronic wound microenvironment, the imbalance between these
modifications contributes to dysregulated immune responses and impaired healing[126]. Thus, metabolic—
epigenetic coupling represents a foundational component of the lactylation—pyroptosis axis Fig 3.
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Fig 3. Lactylation -pyroptosis Axis

5.2 Regulation of Inflammasome Signaling by Lactylation

Inflammasome activation is a key driver of pyroptotic cell death and inflammatory amplification in chronic
wounds. Among various inflammasome complexes, the NLRP3 inflammasome plays a predominant role due to
its sensitivity to metabolic and stress-related signals[127]. Activation of NLRP3 leads to the recruitment of the
adaptor protein ASC and subsequent activation of caspase-1, initiating pyroptotic signaling cascades.

Emerging evidence suggests that histone lactylation can modulate inflammasome activity at the transcriptional
level[128]. By regulating the expression of genes encoding inflammasome components and associated signaling
molecules, lactylation influences both the initiation and magnitude of inflammasome activation[31]. For instance,
lactylation-dependent gene expression may enhance the production of anti-inflammatory mediators that suppress
excessive inflammasome activation, thereby preventing uncontrolled tissue damage[129].

Conversely, dysregulated lactylation may contribute to heightened inflammasome sensitivity by promoting the
expression of pro-inflammatory genes or by failing to activate regulatory pathways that limit inflammasome
activity[130]. This dual role highlights the complexity of lactylation-mediated regulation and underscores its
importance in maintaining immune balance.

In addition to transcriptional effects, metabolic intermediates associated with lactate metabolism can directly
influence inflammasome activation through post-translational mechanisms[131]. Changes in intracellular pH,
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redox status, and mitochondrial function—conditions influenced by lactate accumulation-affect the assembly and
activation of inflammasome complexes[132]. These interactions further integrate metabolic signals into
inflammatory pathways, reinforcing the central role of lactylation in regulating pyroptosis.

5.3 Pyroptotic Secretome and Feedback Amplification

Pyroptosis results in the release of a complex array of cytokines, metabolites, and damage-associated molecular
patterns collectively referred to as the pyroptotic secretome[98]. Key components of this secretome include
interleukin-1p, interleukin-18, reactive oxygen species, extracellular ATP, and nucleic acids[133]. These
molecules act as potent signaling agents that amplify inflammatory responses and recruit additional immune cells
to the wound site

The interaction between lactylation and the pyroptotic secretome establishes a feedback loop that perpetuates
chronic inflammation[109]. Cytokines released during pyroptosis can influence metabolic pathways, promoting
glycolysis and further lactate production[134]. This increase in lactate enhances histone lactylation, which in turn
modulates gene expression related to inflammatory signaling[45]. The result is a self-sustaining cycle in which
metabolic and inflammatory processes reinforce each other.

This feedback amplification is particularly evident in macrophages, where exposure to pyroptotic mediators alters
metabolic activity and epigenetic states[135]. Lactylation-driven transcriptional changes may either attenuate or
exacerbate inflammatory responses depending on the context and duration of signaling[136]. In chronic wounds,
the failure to resolve this feedback loop leads to persistent immune activation and impaired tissue repair.

5.4 Impact on Cellular Crosstalk and Tissue Microenvironment

The lactylation—pyroptosis axis extends beyond individual cells to influence the broader wound
microenvironment[45]. The release of cytokines and metabolic intermediates during pyroptosis affects multiple
cell types, including fibroblasts, endothelial cells, and keratinocytes[98]. These interactions shape processes such
as angiogenesis, extracellular matrix deposition, and epithelialization.

In fibroblasts, persistent inflammatory signaling inhibits collagen synthesis and promotes matrix degradation,
contributing to impaired tissue remodeling[137]. Endothelial cells exposed to pro-inflammatory cytokines exhibit
altered angiogenic responses, further limiting oxygen delivery and perpetuating hypoxia[138]. Keratinocyte
proliferation and migration are similarly affected, delaying wound closure.

Lactylation-mediated gene regulation plays a critical role in modulating these cellular interactions. By influencing
the expression of growth factors, cytokines, and extracellular matrix components, lactylation determines the
functional state of cells within the wound microenvironment[16]. However, dysregulation of this process disrupts
coordinated cellular responses, leading to a breakdown of tissue repair mechanisms

5.5 Transition from Inflammation to Regeneration

Effective wound healing requires a tightly regulated transition from inflammatory to proliferative and remodeling
phases[139]. The lactylation—pyroptosis axis plays a pivotal role in orchestrating this transition by integrating
metabolic and immune signals[109]. Under physiological conditions, lactate accumulation during early
inflammation promotes lactylation-driven gene expression that facilitates resolution and tissue repair.

However, in chronic wounds, this transition is disrupted due to sustained metabolic stress and persistent
inflammasome activation[63]. Excessive pyroptotic signaling maintains a pro-inflammatory environment, while
aberrant lactylation fails to activate reparative gene programs effectively[140]. This imbalance prevents the
progression to regenerative phases, resulting in chronic non-healing wounds.

Restoring the balance within this axis is therefore essential for promoting wound resolution. Therapeutic strategies
that modulate lactylation and pyroptosis may help re-establish the conditions necessary for effective tissue
repair[45].

5.6 Therapeutic Targeting of the Lactylation—Pyroptosis Axis

The integrative nature of the lactylation—pyroptosis axis makes it an attractive target for therapeutic intervention.
Rather than targeting individual pathways in isolation, modulating this axis offers a comprehensive approach to
restoring immune and metabolic balance in chronic wounds[141].

Phytochemical-based therapies have gained attention due to their ability to simultaneously influence metabolic
and inflammatory pathways[142]. Many plant-derived compounds exhibit anti-inflammatory properties and can
modulate glycolytic metabolism, thereby reducing lactate accumulation[143]. These compounds may also
influence epigenetic modifications, including histone lactylation, by altering the availability of metabolic
intermediates.

The incorporation of phytochemicals into nanocarrier systems further enhances their therapeutic potential[ 144].
Nanocarriers enable targeted delivery to immune cells within the wound microenvironment, improving
bioavailability and reducing systemic toxicity[145]. By delivering modulators of lactylation and inflammasome
activity directly to affected tissues, these systems can effectively disrupt the pathological feedback loop
underlying chronic inflammation.

Additionally, emerging therapeutic strategies include the development of small molecules targeting
inflammasome components, epigenetic regulators, and metabolic enzymes[146]. These approaches aim to fine-
tune the balance between inflammatory and reparative processes rather than completely suppressing immune
responses.
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5.7 Challenges and Future Perspectives

Despite the promising potential of targeting the lactylation—pyroptosis axis, several challenges remain. The precise
molecular mechanisms governing histone lactylation are not fully elucidated, and the enzymes responsible for this
modification require further characterization. Moreover, the context-dependent nature of pyroptosis complicates
therapeutic targeting, as both excessive and insufficient activation can be detrimental[26].

Another major challenge is the heterogeneity of chronic wounds, which vary in etiology, severity, and patient-
specific factors. This variability necessitates personalized approaches to therapy, guided by biomarkers that reflect
the immunometabolic state of the wound.

Future research should focus on elucidating the molecular interactions within the lactylation—pyroptosis axis,
identifying key regulatory nodes, and developing targeted interventions. Advanced technologies such as single-
cell sequencing and metabolomic profiling will be instrumental in understanding the spatial and temporal
dynamics of this axis.

6. Phytochemicals as Imnmunometabolic Modulators

Phytochemicals have emerged as potent modulators of immunometabolic pathways, offering a multifaceted
approach to correcting the dysregulated microenvironment characteristic of chronic wounds[147]. Unlike
conventional therapeutics that often target single pathways, plant-derived bioactive compounds exert pleiotropic
effects by simultaneously influencing metabolic processes, inflammatory signaling, and epigenetic regulation.
This integrative capacity positions phytochemicals as promising candidates for modulating the lactylation—
pyroptosis axis and restoring immune homeostasis in non-healing wounds[148]. Table: 1

S.no | Phytochemical Natural Primary Mechanism of | Immunometabolic References
Source Target Action Effect
Pathway
1 Curcumin Curcuma NF-kB, NLRP3 | Inhibits NF-kB | Reduces IL-1p, IL- | [149]
longa inflammasome | activation; 18; attenuates
(turmeric) suppresses pyroptosis
inflammasome
assembly
2 Resveratrol Grapes, SIRT1, AMPK | Activates Reduces  oxidative | [150]
berries SIRTI; stress; promotes anti-
enhances inflammatory
mitochondrial macrophage
function phenotype
3 Quercetin Onions, MAPK, NF-kB | Inhibits MAPK | Decreases  TNF-a, | [151]
apples signaling; IL-6; limits chronic
downregulates | inflammation
cytokine
expression
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4 Epigallocatechin Green tea Nrf2, NF-xB Activates Enhances redox | [152]
gallate (EGCG) antioxidant balance; reduces
pathways; inflammatory
suppresses NF- | signaling
kB
5 Berberine Berberis AMPK, Modulates Reduces lactate | [153]
species glycolysis glucose accumulation;
metabolism; regulates metabolic
inhibits stress
glycolytic flux
6 Genistein Soybeans PI3K/Akt, NF- | Inhibits tyrosine | Promotes tissue | [154]
xB kinases; repair; reduces
modulates inflammation
signaling
pathways
7 Luteolin Celery, NLRP3 Inhibits Suppresses [155]
parsley inflammasome | inflammasome | pyroptotic signaling;
activation and | reduces cytokine
ROS generation | release
8 Apigenin Chamomile, | STAT3, NF-xB | Inhibits Enhances anti- | [156]
parsley transcriptional inflammatory
activation  of | response;  supports
inflammatory healing
genes
9 Baicalin Scutellaria NLRP3, ROS | Reduces ROS- | Limits  pyroptosis; | [157]
baicalensis pathways mediated improves tissue
inflammasome | repair environment
activation
10 Sulforaphane Cruciferous | Nrf2, epigenetic | Activates Nrf2; | Regulates oxidative | [158]
vegetables enzymes modulates stress and epigenetic
histone balance
modification
enzymes

Table :1 Phytochemicals as Immunometabolic Modulators

6.1 Natural Compounds Targeting Inflammasome Pathways

A growing body of evidence indicates that several phytochemicals can directly or indirectly suppress
inflammasome activation, particularly the NLRP3 inflammasome, which plays a central role in pyroptosis[159].
These compounds interfere with upstream signaling events such as reactive oxygen species generation,
mitochondrial dysfunction, and ionic fluxes that are essential for inflammasome assembly[128]. By attenuating
these triggers, phytochemicals reduce the activation of caspase-1 and subsequent cleavage of gasdermin proteins,
thereby limiting pyroptotic cell death[160].

In addition to inhibiting inflammasome activation, phytochemicals can modulate transcriptional pathways that
regulate the expression of inflammasome components[161]. Many plant-derived compounds influence signaling
cascades such as NF-kB and MAPK pathways, which are critical for priming inflammasome activation[162]. By
suppressing these pathways, phytochemicals reduce the production of pro-inflammatory cytokine precursors,
including pro-interleukin-1f and pro-interleukin-18, thereby diminishing the magnitude of inflammatory
responses[163].

Importantly, the effects of phytochemicals on inflammasome pathways are often context-dependent, allowing for
partial modulation rather than complete inhibition[164]. This selective regulation is advantageous, as it preserves
essential immune functions such as pathogen clearance while preventing excessive inflammation. In chronic
wounds, where persistent inflammasome activation contributes to tissue damage, such balanced modulation is
particularly beneficial.

6.2 Regulation of Lactate Metabolism and Epigenetics

Beyond their effects on inflammatory signaling, phytochemicals play a significant role in regulating metabolic
pathways that influence lactate production and epigenetic modifications. Chronic wound environments are
characterized by enhanced glycolysis and excessive lactate accumulation, which drive histone lactylation and alter
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gene expression[45, 165]. Phytochemicals can modulate these processes by influencing key metabolic enzymes
and pathways involved in glucose metabolism[48, 166].

Certain plant-derived compounds have been shown to reduce glycolytic flux, thereby limiting lactate production
and mitigating metabolic stress. By restoring metabolic balance, these compounds indirectly regulate histone
lactylation, preventing aberrant epigenetic reprogramming associated with chronic inflammation[167].
Additionally, some phytochemicals may directly interact with epigenetic machinery, influencing histone-
modifying enzymes and altering chromatin accessibility.

The ability of phytochemicals to modulate both metabolism and epigenetics underscores their role as integrators
of immunometabolic regulation. By targeting the upstream drivers of lactylation, these compounds can influence
downstream gene expression patterns, promoting a shift from pro-inflammatory to reparative cellular states[168].
This effect is particularly relevant in macrophages, where metabolic cues dictate functional phenotype and
determine the progression of wound healing.

6.3 Anti-Inflammatory and Pro-Regenerative Signaling

Phytochemicals exert broad anti-inflammatory effects by modulating multiple signaling pathways involved in
immune activation[169]. These compounds can suppress the production of pro-inflammatory cytokines, inhibit
the activation of transcription factors associated with inflammation, and enhance the expression of anti-
inflammatory mediators[170]. Through these mechanisms, phytochemicals reduce the intensity and duration of
inflammatory responses in chronic wounds.

In parallel, phytochemicals promote pro-regenerative signaling pathways that support tissue repair and
remodeling[171]. They can enhance angiogenesis by upregulating growth factors such as vascular endothelial
growth factor, stimulate fibroblast proliferation and collagen synthesis, and facilitate keratinocyte migration and
re-epithelialization[172]. These effects contribute to the restoration of tissue integrity and accelerate wound
closure.

The interplay between anti-inflammatory and pro-regenerative effects is critical for effective wound healing.
Phytochemicals achieve this balance by modulating key signaling networks that coordinate immune responses
and tissue repair[173]. For instance, the suppression of excessive inflammation creates a favorable environment
for regenerative processes, while the activation of repair pathways ensures the restoration of functional tissue
architecture[10].

Furthermore, phytochemicals can influence the redox state of the wound microenvironment by reducing oxidative
stress and enhancing antioxidant defenses[171]. This effect not only protects cells from damage but also regulates
signaling pathways associated with inflammation and metabolism. By maintaining redox balance, phytochemicals
contribute to the stabilization of the immunometabolic landscape.

7. Phytochemical Nanotherapy Strategies

The therapeutic potential of phytochemicals in chronic wound management is often limited by poor solubility,
instability, rapid degradation, and low bioavailability[174]. To overcome these challenges, nanotechnology-based
delivery systems have emerged as powerful platforms for enhancing the efficacy and precision of phytochemical
interventions[175]. Phytochemical nanotherapy integrates bioactive plant-derived compounds with engineered
nanocarriers, enabling targeted modulation of immunometabolic pathways, including the lactylation—pyroptosis
axis[176]. By improving delivery efficiency and controlling pharmacokinetics, these systems offer a promising
strategy for addressing the complex pathophysiology of chronic wounds.

7.1 Nanocarrier Systems (Nanovesicles and Nanoformulations)

Nanocarrier systems encompass a diverse range of platforms designed to encapsulate, protect, and deliver
therapeutic agents. Among these, lipid-based nanovesicles, polymeric nanoparticles, nanoemulsions, and
inorganic-organic hybrid systems have gained significant attention for wound healing applications[177]. These
nanostructures provide a protective environment that shields phytochemicals from degradation and enhances their
stability under physiological conditions[178].

Nanovesicles, including liposomes and plant-derived extracellular vesicle-like structures, are particularly
advantageous due to their biocompatibility and ability to mimic biological membranes[179]. Their lipid bilayer
structure facilitates efficient encapsulation of both hydrophilic and hydrophobic compounds, enabling versatile
delivery of diverse phytochemicals. Polymeric nanoparticles, on the other hand, offer tunable properties such as
size, surface charge, and degradation rate, allowing for precise control over drug release profiles.
Nanoformulations can also be engineered to incorporate multiple therapeutic agents, enabling synergistic effects.
For example, combining anti-inflammatory phytochemicals with antioxidants or metabolic modulators within a
single nanocarrier can simultaneously target multiple aspects of chronic wound pathology[180]. This
multifunctional approach aligns with the complex nature of the lactylation—pyroptosis axis, which involves
interconnected metabolic, epigenetic, and inflammatory pathways.

7.2 Targeted Delivery to Immune Cells in Wounds

One of the key advantages of nanocarrier-based systems is their ability to achieve targeted delivery to specific
cell populations within the wound microenvironment. Chronic wounds are characterized by heterogeneous
cellular composition, including macrophages, neutrophils, fibroblasts, and endothelial cells, each contributing
differently to disease progression and healing[181]. Targeting immune cells, particularly macrophages, is critical
for modulating inflammatory responses and promoting tissue repair.
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Nanocarriers can be functionalized with surface ligands that recognize and bind to receptors expressed on target
cells. For instance, mannose or other carbohydrate moieties can be used to target macrophage-specific receptors,
facilitating selective uptake. Similarly, antibody-based or peptide-based targeting strategies can enhance
specificity and reduce off-target effects[182].

In addition to active targeting, passive targeting mechanisms such as enhanced permeability and retention effects
can facilitate the accumulation of nanocarriers at wound sites[183]. The disrupted vasculature and increased
vascular permeability characteristic of chronic wounds create a favorable environment for nanoparticle
retention[184]. This localized accumulation enhances therapeutic concentration at the site of injury while
minimizing systemic exposure.

Targeted delivery is particularly important for modulating the lactylation—pyroptosis axis, as it allows for direct
intervention in immune cells that drive inflammatory signaling[ 140]. By delivering phytochemicals to these cells,
nanocarriers can influence metabolic pathways, epigenetic modifications, and inflammasome activity, thereby
restoring immune balance.

7.3 Controlled Release and Bioavailability Enhancement

Controlled release is a defining feature of nanocarrier-based drug delivery systems, enabling sustained and
localized therapeutic effects. By regulating the release kinetics of encapsulated phytochemicals, nanocarriers can
maintain optimal drug concentrations within the wound microenvironment over extended periods[185]. This is
particularly important in chronic wounds, where prolonged treatment is often required to achieve effective healing.
The release profile of nanocarriers can be tailored through material selection, particle size, and surface
modifications. Biodegradable polymers, for example, allow for gradual degradation and controlled drug release,
while stimuli-responsive systems can release their payload in response to specific environmental triggers such as
pH, temperature, or enzymatic activity. Chronic wound environments, characterized by acidic pH and elevated
enzyme levels, provide opportunities for designing responsive nanocarriers that release therapeutic agents
selectively at the site of pathology[186].

Enhancing bioavailability is another critical advantage of nanotherapy. Encapsulation of phytochemicals
improves their solubility and protects them from rapid metabolism and clearance. This results in increased
systemic stability and improved therapeutic efficacy. Furthermore, nanocarriers can facilitate cellular uptake
through endocytosis, ensuring efficient delivery of bioactive compounds to intracellular targets[187].

The combination of controlled release and enhanced bioavailability enables sustained modulation of key pathways
involved in chronic wound pathology[188]. By maintaining consistent therapeutic levels, nanocarriers can
effectively disrupt the feedback loops associated with the lactylation—pyroptosis axis, reducing inflammation and
promoting tissue regeneration.

Phytochemical nanotherapy represents a transformative approach to chronic wound treatment by addressing the
limitations of conventional phytochemical delivery[189]. Through the use of advanced nanocarrier systems,
targeted delivery strategies, and controlled release mechanisms, these platforms enhance the stability,
bioavailability, and therapeutic precision of plant-derived compounds[190]. By enabling direct modulation of
immunometabolic pathways, including the lactylation—pyroptosis axis, phytochemical nanotherapy offers a
comprehensive strategy for restoring immune balance and promoting tissue repair[191]. Continued advancements
in nanotechnology and a deeper understanding of wound immunometabolism will be essential for translating these
innovations into clinically effective therapies.

8. Translational Challenges and Future Directions

Nonetheless, although significant improvements in the knowledge of the lactylation—pyroptosis axis have been
made and phytochemical nanotherapy strategies have emerged, the transfer of this knowledge onto clinical
treatments for chronic wounds remains a challenging problem[140]. In view of the intricacy of wound
pathophysiology and the individual variability in terms of patient-specific factors, a more integrative and sensitive
approach is required in the direction of therapeutic development. Lack of mechanistic understanding of histone
lactylation and its corresponding regulatory machinery has been the most profound obstacle which has been
among the main hurdles faced. Although lactylation itself has been acknowledged as a critical epigenetic
modification, the enzymes responsible for its addition and removal are not yet entirely well characterized. This
makes it challenging to develop targeted interventions capable of selectively regulating lactylation without
disturbing other epigenetic mechanisms[192]. Likewise, that pyroptosis is context-dependent presents a challenge
for therapy, as not only does excessive activation of this pathway but also inhibition of pyroptosis can have
deleterious effects. Therefore, controlling inflammasome activity is still a key aim. The heterogeneity of chronic
wounds due to a range of disease causes (diabetes, vascular insufficiency, and pressure-related injury) represents
another major limitation. All these ailments present different profiles in terms of immunometabolism that could
affect activity of immune cells, metabolism, and tissue repair mechanisms[98]. The variability highlights the
importance of therapy based on biomarkers to modulate the metabolic and inflammatory state of the wound
microenvironment with respect to the particular therapeutic strategy. Nevertheless, reliable and clinically relevant
biomarkers to monitor lactylation and pyroptosis are still lacking. From the nanotherapeutical design standpoint,
scaling up, safety as well as regulations are additional hurdles. Although nanocarrier systems have exhibited
promising preclinical findings, their production on a large scale in a predictable quality and reproducibility has
been challenging. Moreover, long-term safety statistics are scarce, especially for the possible build-ups of
nanomaterials and to what extent nanomaterials may interact with biological systems[193]. Regulatory
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environments in nanomedicine remain developing, which can delay the clinical translation and approval.
Nanodelivery effectiveness and specificity will also need to be improved. Although progress has been achieved
with ligand-based targeting and stimuli-responsive approaches, the precise targeting of different immune cell
populations within the complex wound microenvironment is challenging. These off-target and variable
nanoparticle uptake may compromise therapeutic efficacy and increase risk of unintended effects. Aimed at
integrative and multidisciplinary modalities using an integrated approach of immunology, metabolism,
epigenetics, and nanotechnology deserves research. Advanced analytical techniques, including single-cell
transcriptomics, spatial metabolomics, and high-resolution imaging, are critical for dissecting cellular and
molecular dynamics within the wound context. These approaches help to explore cell-specific responses and target
key regulatory nodes (notably the lactylation—pyroptosis axis) across the lactylation—pyroptosis axis. Moreover,
it will be crucial to develop biomarker-driven strategies for personalized medicine. Signature discovery of
metabolic imbalance, inflammasome activation, and epigenetic dysregulation associations may be used to help
stratify and select for patient treatment stratification. The use of such strategies is likely to increase therapy
specificity and thus therapeutic efficacy. Last but not least, phytochemicals, nanocarriers, and traditional
treatments as combination therapies combining these three together could be the most effective treatment for
resolving the chronic wounds of chronic lesions[194]. In targeting these pathways in parallel, they are able to
overcome the shortcomings of single-modality therapies providing enhanced stability and long-lasting therapeutic
effect. The translation of immunometabolic knowledge into the field of medicine will need to address formidable
scientific and technological issues. The next-generation approach which fills the gaps in mechanistic
understanding, enhances the design of nanocarriers, and uses personalized and integrative methods could be the
means to realize the full potential of targeting the lactylation—pyroptosis axis. These developments could
potentially revolutionize chronic wound care and lead to clinically significant improvement in patient outcomes.

CONCLUSION

Chronic wounds are a complicated disease state characterised by metabolic derangements, chronic inflammation,
and defective tissue regeneration. A new concept, the lactylation—pyroptosis axis, emerges from these processes,
uniting them and connecting hypoxia-induced metabolic reprogramming to epigenetic control and inflammasome-
mediated cell death. Histone lactylation is a vital mediator that converts metabolic signals into changes in gene
expression, and pyroptosis accelerates inflammatory events through cytokines released as well as other damage-
associated signaling signals. The imbalance occurs between these processes, and as such, contributes to the
establishment of a non-resolving inflammatory microenvironment leading to an adverse outcome in the area of
wound healing. Targeting this axis is a new, therapeutically motivated, mechanism-driven approach. Because
phytochemicals have an inherent capacity to modulate metabolic pathways, epigenetic alterations, and
inflammatory signaling, they offer a promising avenue of treatment. Integration of these compounds into
nanocarrier systems further boosts their therapeutic value by increasing their stability, bioavailability, and targeted
delivery to immune cells within the wound microenvironment. Such strategies promote the exact modulation of
the lactylation—pyroptosis axis and restore the immune balance and tissues. Despite this progress, more work is
necessary to fully clarify the molecular mechanism of lactylation and how it relates to pyroptotic pathways, as
well as translate the therapeutic strategy into practice and put into practice a nanotherapy method. Mechanistic
validation, biomarker design, and personalized and molecular approaches in the future will be key. Together,
promotion of this integrative paradigm has great potential for rethinking chronic wound management and
discovering efficient, mechanism-dependent therapeutic alternatives.
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