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Abstract
Diabetic foot ulcer (DFU) is a chronic inflammatory disease because of persistent hyperglycemia. The 
pathophysiology of DFUs is mediated by chronic inflammation, decreased angiogenesis, and altered 
extracellular matrix (ECM) remodeling. Impaired immune response halts the DFUs in the inflammatory 
phase of healing without progressing them to the resolution phase, resulting in delayed healing. This 
suggests that immunomodulation of the DFU microenvironment may be beneficial in promoting wound 
healing by subsiding chronic inflammation, promoting angiogenesis, and ECM remodeling. This narrative 
review focuses on summarizing the upcoming strategies and research in immunomodulation to promote 
healing in DFUs in recent years. The review has discussed the role of small molecules, exosomes, hydrogels, 
and natural compounds tested in preclinical trials to promote wound healing, followed by the limitations 
and future directions.
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Introduction
A diabetic foot ulcer (DFU), an open sore typically located on the bottom of the foot in individuals with 
diabetes, is often caused by neuropathy (diabetic peripheral neuropathy), poor circulation (peripheral 
arterial disease; PAD), or trauma in the presence of persistent hyperglycemia. Diabetic neuropathy is the 
most common cause, often combined with PAD. Common signs include skin discoloration, swelling, redness, 
blisters, or drainage. A key indicator is the presence of a callus surrounding a localized, deep wound, often 
with a foul odor if infected. Common high-risk factors include high blood sugar, smoking, foot deformities, 
and previous ulceration [1]. DFUs affect 19–34% of patients over their lifetime, and the annual incidence is 
approximately 1.9% to 4.0% among people with diabetes. The global prevalence is estimated at 6.3%, with 
approximately 19–26 million cases each year. The condition carries a high morbidity: 20% require 
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amputation, 10% die within one year of diagnosis, and recurrence rates reach 40% within one year. 
Patients are typically older, have a longer history of diabetes, and, in some studies, are more commonly 
male (4.5%) than female (3.5%). Prevalence is higher in developing nations compared to developed 
nations, often due to high rates of walking barefoot. The prevalence in North America is roughly 13%, and 
in Africa is roughly 15% [2–4]. Approximately 50–60% of foot ulcers become infected, which significantly 
raises the risk of hospitalization and amputation [5]. Recurrence, amputation, and death are common 
clinical concerns even with the standard therapy comprising glycemic control, wound care, dressing, 
debridement (removing dead skin), off-loading (eliminating pressure on the wound with total contact casts, 
specialized shoes, or crutches), and infection control with antibiotics [6]. Oxygen therapies, negative 
pressure wound therapy, acellular bioproducts, skin and bioengineered grafts, human growth factors, 
energy-based therapies, and systemic therapies (low-molecular-weight heparin, iloprost (a synthetic 
prostacyclin analog) infusion, vildagliptin, oral pentoxifylline) are emerging with beneficial results of 
enhanced wound healing, but supportive evidence or data are from small randomized controlled trials with 
high risks of bias [7]. This indicates the need to design better therapeutics, and for that, it is important to 
understand the molecular mechanism underlying nonhealing chronic DFUs.

Non-healing DFUs are driven by a molecular, chronic inflammatory state, characterized by persistent 
hyperglycemia-induced oxidative stress, excessive matrix metalloproteinases (MMPs, especially MMP-9), 
impaired angiogenesis, and altered immune response contributing to impaired granulation tissue 
formation, extracellular matrix (ECM) remodeling, and impaired DFU healing [8–10]. A severely 
dysregulated immune response, characterized by chronic, stalled inflammation, marked by impaired 
neutrophil function and reduced macrophage switching, rather than a failed immune response, contributes 
to nonhealing DFUs [8–10]. This suggests that targeting the immune response by immunomodulation may 
be of therapeutic significance. This narrative review focuses on the immune response during wound healing 
in normal physiological conditions as well as in DFUs, immunomodulation strategies to promote healing, 
limitations, and future directions for immunomodulation to promote wound healing in DFUs. This review 
provides an update on the research in the field of DFU healing from the perspective of immunomodulation 
in recent years. This review not only discusses the updates but also the limitations and strategies to 
mitigate these limitations, which are sparsely discussed in previously published reviews.

Methodology
A literature search was conducted using PubMed and Google Scholar to identify the pathophysiology, 
mechanistic, and treatment aspects, and immune involvement in DFUs. The keywords DFUs, immune 
response, infection, inflammation, biofilm, and immunomodulation were used, alone or in combination, to 
search the literature. The focus for selecting the articles was on full-text articles, but abstracts only for 
research articles, review articles, case reports, and clinical trials were also looked for and included. The 
article search was focused on articles published in the last 5 years, but articles from previous years were 
also included, if needed. Duplicate and non-English articles were removed during the literature search.

Immune response during normal wound healing
The immune response in wound healing is a highly coordinated, multi-stage process where innate immune 
cells (neutrophils and macrophages) act as key regulators, progressing from pathogen defense to tissue 
repair. Following injury, neutrophils arrive first to combat infection via phagocytosis and neutrophil 
extracellular traps (NETs). M1 macrophages then arrive and remove debris, followed by polarization to the 
M2 phenotype, transitioning the wound from inflammation to the proliferation phase [11–14]. During the 
inflammatory phase, skin-resident cells activated by damage-associated molecular patterns (DAMPs) 
release cytokines and chemokines to recruit neutrophils and monocytes to the inflammatory site. 
Monocytes then differentiate into pro-inflammatory M1 macrophages, releasing more cytokines, which in 
turn activate downstream signaling regulating acute inflammation, cell survival, and cell metabolism. Mast 
cells secreting monocyte chemoattractant protein-1 (MCP-1) facilitate monocyte differentiation to M1 
macrophages [11–14]. Mast cells are stimulated by keratinocytes to secrete mediators to promote 
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vasodilation, enhancing immune cell recruitment. Activated keratinocytes and neutrophils release 
cytokines and reactive oxygen species (ROS), respectively, and promote acute inflammation. Neutrophils 
also release NETs and cytokines to promote bacterial clearance. During the proliferation phase, pro-healing 
M2 macrophages contribute to tissue repair and the inhibition of inflammation, while growth factors 
regulate angiogenesis, granulation tissue formation, re-epithelialization, and nerve regeneration. The 
immune response subsides after the proliferation phase, mediated by M2 macrophages and Th2 cells, and 
the wound enters the remodeling phase. Table 1 and Figure 1 [11–14] summarize the molecular 
mechanisms, immune response, and other cells along with secreted factors in various phases of wound 
healing.

Table 1. Immune response and molecular mechanisms involved in phases of wound healing.

Wound healing phase Involved in molecular mechanisms, immune cells, and other cell types

Hemostasis (minutes to 
hours)

Platelets aggregate, releasing clotting factors.•
Activation of the coagulation cascade and thrombus formation.•
Release of growth factors (PDGF, VEGF, TGF-β) and chemokines from platelets.•
Complement activation increases vascular permeability.•
Tissue-resident cells (e.g., mast cells) release mediators like histamine, promoting early 
vasodilation and mediating the influx of inflammatory cells.

•

Immune cells (innate and adaptive) recruitment and activation•
Stage for acute inflammation.•

Inflammatory phase 
(hours to days)

Neutrophils (0–24 hours) are the first responders, clearing bacteria and debris by releasing 
reactive oxygen species (ROS) and proteases.

•

M1 macrophages (24 hours to days) replace neutrophils and are critical for wound healing, acting 
as “sentinels” that clear dead cells and release growth factors to initiate repair.

•

Resident skin cells activate immune cells, which secrete pro-inflammatory cytokines, thereby 
activating signaling cascades that regulate cell survival and metabolism.

•

Keratinocytes secrete pro-inflammatory cytokines, which recruit macrophages that also secrete 
pro-inflammatory cytokines.

•

Mast cells and T-cells also contribute to modulating the inflammatory environment.•
Proliferative phase (days 
to weeks)

Macrophages switch from a pro-inflammatory (M1) to an anti-inflammatory (M2) phenotype, 
promoting angiogenesis, fibroblast activation, and collagen deposition.

•

Granulation tissue formation consists of fibroblasts, granulocytes, macrophages, blood vessels, 
and collagen bundles.

•

Angiogenesis is regulated by growth factors (VEGF, FGF, TGF-β, PDGF, and angiopoietin) 
secreted by fibroblasts, platelets, macrophages, and keratinocytes.

•

Re-epithelialization is promoted by growth factors (KGF, EGF, TGF-β) and keratinocyte 
migration/proliferation.

•

Remodeling phase 
(weeks to months)

The immune response subsides, reducing inflammation, allowing for ECM reorganization, and 
strengthening tissue.

•

Decreased neo-vascularization.•
Granulation tissue is replaced by scar tissue.•
Type III collagen is replaced by type I collagen.•
Excess fibroblasts, macrophages, and vessels undergo apoptosis, resulting in a relatively 
acellular, avascular scar.

•

EGF: epidermal growth factor; FGF: fibroblast growth factor; VEGF: vascular endothelial growth factor; TGF-β: transforming 
growth factor beta; PDGF: platelet-derived growth factor; KGF: keratinocyte growth factor; ECM: extracellular matrix.

Altered immune response in DFUs
Non-healing DFUs are driven by a molecular environment trapped in chronic inflammation, associated with 
high MMPs, diminished growth factors, involving impaired angiogenesis, excessive oxidative stress, 
impaired fibroblast function, and altered ECM remodeling (shown in Figure 1), together delaying wound 
healing [15]. Key mechanisms include dysfunctional macrophages (M1-skewed) failing to transition to a 
repair phenotype (M2), resulting in excessive proinflammatory cytokines [interleukin (IL)-1, IL-6, IL-8, 
tumor necrosis factor (TNF)-α], premature senescence of fibroblasts, and reduced growth factor signaling 
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Figure 1. Immune response and molecular mechanisms during wound healing. The immune response is essential for wound healing, initiating a four-phase process including hemostasis, 
inflammation, proliferation, and remodeling driven by immune cells and signaling molecules. EGF: epidermal growth factor; FGF: fibroblast growth factor; VEGF: vascular endothelial growth 
factor; TGF-β: transforming growth factor beta; PDGF: platelet-derived growth factor; NGF: nerve growth factor; BDNF: brain-derived neurotrophic factor; GDNF: glial cell line-derived 
neurotrophic factor; IGF: insulin-like growth factor; KGF: keratinocyte growth factor; SYN: synaptophysin; PF4: platelet factor 4; CXCL: C-X-C motif ligand; CXCR: C-X-C motif chemokine 
receptor; CCL: C-C motif chemokine ligand; IL: interleukin; TNF-α: tumor necrosis factor alpha; MAPK: mitogen-activated protein kinase; SAPK: stress-activated protein kinase; JNK: c-Jun N-
terminal kinases; NETs: neutrophil extracellular traps; ROS: reactive oxygen species; MMP: matrix metalloproteinase; ICAM-1: intercellular adhesion molecule 1; VCAM-1: vascular cell adhesion 
molecule 1. Created in BioRender. Rai, V. (2026) https://BioRender.com/4bfzni7.
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[e.g., transforming growth factor (TGF)-β]. A decreased concentration of other growth factors, such as 
epidermal growth factor (EGF), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and 
vascular endothelial growth factor (VEGF), secreted by various cells in the wound microenvironment, also 
contributes to the nonhealing of DFU [8–10].

Inflammation

Chronic inflammation driven by persistent hyperglycemia-induced immune dysfunction is a major 
contributing factor to nonhealing DFUs. In the presence of persistent hyperglycemia and chronic 
inflammation, neutrophils and macrophages are trapped in a proinflammatory state, releasing excess pro-
inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-8) that destroy tissue rather than repairing it. Increased 
secretion of proinflammatory cytokines is due to skewed polarization of macrophages towards M1 instead 
of M2 [10, 16].

Neutrophils are key immune cells that, in DFUs, become dysfunctional, leading to delayed healing and 
chronic inflammation. They exhibit impaired phagocytosis, excessive NETosis (releasing NETs), and 
prolonged presence at the wound site, causing tissue destruction and increased infection risk due to high 
glucose. NETs are web-like structures of DNA and proteins released by neutrophils that, when excessive, 
significantly delay DFU healing by promoting chronic inflammation, tissue damage, and reduced 
angiogenesis. Elevated NET components in wounds (e.g., neutrophil elastase, citH3) correlate with 
infection, severe inflammation, and higher amputation rates [17–20].

Dysfunctional macrophage polarization due to hyperglycemia, where macrophages are “stuck” in the 
pro-inflammatory M1 phenotype and don’t polarize to the anti-inflammatory, tissue-repairing M2-
phenotype contributes significantly to persistent inflammation. Poor microcirculation prevents an 
appropriate macrophage response, exacerbating inflammation. High glucose and advanced glycation end 
products (AGEs) directly activate the inflammatory M1 phenotype. Overactivation of the NOD-, LRR- and 
pyrin domain-containing protein 3 (NLRP3) inflammasome pathway promotes persistent M1 polarization. 
Macrophage polarization is regulated by phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT), 
peroxisome proliferator-activated receptors (PPARs), nuclear factor kappa beta (NF-κB), toll-like receptors 
(TLRs), Janus kinase (JAK)/signal transducer and activator of transcription (STAT), and Notch signaling 
[21–23]. Persistently increased numbers of M1 macrophages release high levels of pro-inflammatory 
cytokines and chemokines, including TNF-α, IL-1β, IL-6, IL-12, type I interferon (IFN), C-X-C motif ligand 
(CXCL) 1-3, CXCL-5, and CXCL8-10, causing tissue destruction and nonhealing [21, 24].

Matrix remodeling

Not only is fibroblast function impaired, but also phenotypic changes of fibroblasts and their plasticity, with 
an increased number of CD40+ inflammatory fibroblasts secreting IL-6 and IL-8, and decreased angiogenic 
fibroblasts, contribute to nonhealing DFUs [25, 26]. Metabolic stress on fibroblasts causes a phenotypic 
shift towards dysfunction, senescence, and inflammatory signaling. Non-healing DFUs exhibit a depletion of 
functional fibroblasts [myofibroblasts, alpha smooth muscle actin (α-SMA)+ and TGF-β+] and an 
accumulation of dysfunctional subsets with decreased proliferation, migration, and secretory function 
[CD40+, fibroblast specific protein (FSP)–, thrombospondin (TSP)+] that fail to remodel the ECM (due to 
decreased granulation tissue formation) and promote angiogenesis (TSP+), but promote inflammation 
(CD40+) [25–28]. Downregulation of Wnt signaling, particularly the Wnt/β-catenin pathway, suppresses 
fibroblast migration, proliferation, and collagen synthesis, delaying re-epithelialization [29–31]. Wnt/β-
catenin signaling is activated during the proliferative phase of wound healing. Elevated Wnt signaling 
enhances the migration and proliferation of dermal fibroblasts and promotes their differentiation into 
myofibroblasts. Active Wnt signaling directly increases the expression of type I and type III collagen, which 
are necessary for constructing the granulation tissue that fills a wound [31]. Deletion of specific Wnt ligands 
(e.g., Wnt10a) results in significantly larger wound areas and delayed wound healing because of decreased 
collagen production and reduced fibroblast/myofibroblast activity [30]. The Wnt pathway regulates the 
migration and differentiation of keratinocytes and is required for the re-epithelialization process. 
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Downregulation of this signaling inhibits this repair, resulting in poor wound closure and reduced 
structural regeneration [29].

Matrix metalloproteinases

Overexpression of MMPs in chronic DFUs due to persistent inflammation contributes to altered ECM 
remodeling. MMPs, particularly MMP-9, break down ECM proteins, such as fibronectin, preventing 
granulation tissue formation and tissue reconstruction. While MMP-8 aids healing by collagen repair, 
excessive MMP-9/tissue inhibitors of matrix metalloproteinase (TIMP)-1 ratios in wound fluid prevent 
tissue repair. Elevated MMP-9 levels destroy growth factors and receptors, preventing the wound from 
progressing beyond the inflammatory phase. Along with MMP-9, nonhealing DFUs also have increased 
expression of MMP-1 (excessive collagen breakdown), MMP-2 (a marker of impaired healing and persistent 
ulceration), and MMP-3 (acts as a physiological activator of MMP-9, compounding the proteolytic damage), 
which degrade the ECM and hinder healing. It should be noted that TIMPs (such as TIMP-2) are significantly 
lower in chronic wounds [32–34].

Angiogenesis

Significantly decreased VEGF and reduced endothelial nitric oxide production in chronic DFUs hinder 
neoangiogenesis, resulting in poor oxygen/nutrient delivery, chronic hypoxia, and impaired wound healing. 
This impaired process results from hyperglycemia, causing endothelial cell dysfunction, persistent 
inflammation, and limited angiogenesis [35]. Reduced expression of VEGF and dysfunctional endothelial 
progenitor cells (EPCs) lead to inadequate capillary growth, causing localized ischemia. Persistently high 
glucose levels impair EPC number, function, mobilization, migration, and proliferation, resulting in reduced 
angiogenesis and poor healing. Hyperglycemia leads to dysfunction in the signaling pathways of EPCs, such 
as Notch pathway dysfunction, which hinders cell differentiation and proliferation, ultimately decreasing 
the formation of new capillaries [36]. Decreased expression and function of angiogenic factors like FGF-2 
are also characteristic of chronic DFUs. FGF-2 is decreased in chronic DFUs because of non-enzymatic 
glycation of FGF-2 in the presence of hyperglycemia. Decreased FGF-2 levels lead to deficient endothelial 
cell proliferation, migration, and tube formation, which inhibits the formation of new blood vessels 
necessary for wound healing. Decreased FGF-2 also correlates with decreased fibroblast mitosis and 
viability, which further hinders the wound healing process [37].

AGE-RAGE axis

Hyperglycemia increases ROS, leading to the accumulation of AGEs, which bind to the receptor for AGEs 
(RAGE) and trigger chronic inflammation, oxidative stress, and impaired cellular function that damage 
tissues, prevent wound closure, and induce chronic inflammation [38]. AGE-RAGE interaction activates 
various inflammatory and oxidative stress pathways such as NF-κB, PI3K-AKT, and JAK-STAT signaling, 
which sustain an inflammatory (M1) phenotype in macrophages. This prevents the necessary transition to 
the pro-healing (M2) phenotype, leaving the wound trapped in an inflammatory state [39]. By increasing 
the production of ROS, the AGE-RAGE axis perpetuates chronic inflammation via transcriptional activation 
of NF-κB, followed by numerous proinflammatory cytokines and adhesion molecules, including endothelin-
1, intercellular adhesion molecule 1 (ICAM-1), E-selectin, and tissue factors, causing further tissue damage, 
more AGE formation, and delayed wound healing [40]. AGEs induce significant apoptosis of fibroblasts and 
reduce collagen production, disrupting granulation tissue formation. The AGE-RAGE signaling reduces the 
proliferative capacity of keratinocytes and fibroblasts, reducing re-epithelialization and halting wound 
closure [41, 42]. The AGE-RAGE axis disrupts autophagy and induces EPC apoptosis, diminishing their 
ability to migrate and repair damaged blood vessels, reducing angiogenesis crucial for nutrient delivery to 
the wound, and leading to delayed wound healing. AGE-RAGE axis also downregulates VEGF, a key 
stimulant for angiogenesis, further reducing the formation of new capillaries [39].
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Biofilm formation

Biofilms are complex, polymicrobial communities embedded in an extracellular polymeric substance (EPS) 
matrix that protects bacteria from immune responses and antimicrobials, acting as a major driver of 
nonhealing DFUs. Common pathogens like Staphylococcus aureus and Pseudomonas aeruginosa form 
biofilms, which are associated with reduced microbiota diversity and increased recurrence rates of 
infections [43]. The biofilm EPS acts as a physical barrier preventing host immune cells (neutrophils) and 
antibodies from reaching the bacteria, while also causing dysregulation of the local immune environment. 
Chronic, polymicrobial biofilms prevent immune clearance and contribute to persistent inflammation by 
arresting wound healing at the inflammatory phase, preventing transition to the proliferation stage. High 
levels of proteases and ROS produced by the biofilm bacteria and the resulting persistent inflammation 
damage tissue, leading to chronic wound stagnation [44, 45]. These molecular failures result in a chronic, 
nonhealing wound, necessitating targeted therapeutic approaches focusing on rebalancing the immune 
response in the wound microenvironment [46].

Immunomodulation and therapeutics
Immunomodulation in DFU healing focuses on targeting altered molecular mechanisms discussed in the 
previous section. This includes reversing chronic, overactive inflammation by shifting macrophages from a 
pro-inflammatory (M1) to a pro-regenerative (M2) phenotype, promoting angiogenesis, increased 
granulation tissue formation, and ECM remodeling, altogether promoting DFU wound healing and 
remodeling. Advanced strategies include using bio-functional hydrogels, phytochemicals (flavonoids, 
alkaloids, tannins), stem cells to lower ROS, glucose depletion, sustained drug release devices, reduction of 
inflammatory cytokines (TNF-α, IL-6), and promoting angiogenesis. Pharmacological agents such as 
sodium-glucose cotransporter 2 (SGLT2) inhibitors and biologics (e.g., TNF-α inhibitors) are being 
investigated to reduce systemic and local inflammatory factors [47–50]. Further, reduced migratory and 
proliferative capacity of mesenchymal stem cells (MSCs) in the wound area limits the regenerative 
potential. MSCs can modulate immune responses, reduce inflammation, and enhance angiogenesis to 
accelerate wound healing [51].

Targeting macrophage polarization

As discussed above, skewed polarization towards M1 macrophages is altered in DFU. Targeting 
macrophage polarization, specifically shifting from a pro-inflammatory M1 phenotype to a pro-healing M2 
phenotype, is crucial for DFU healing. Therapies targeting a shift toward the M2 type promote tissue repair, 
angiogenesis, and collagen deposition, and attenuate inflammation (Table 2, Figure 2).

Table 2. Therapeutic agents promoting M2 macrophage polarization and wound healing in diabetes.

Macrophage 
polarization

Study Model Strategy Mechanisms/Outcome

ADSCs mediated 
macrophage 
polarization [52]

Bioinformatics 
analysis of 
GSE134431 and 
GSE80178 datasets 
of human origin

30 macrophage 
polarization-associated 
differentially expressed 
genes (MA-DEGs) were 
identified and analyzed.

ADSCs regulate EREG and CSTA 
expression to promote M2 
macrophage polarization.

Humans

ON101 cream, a 
phase 3 
randomized 
clinical trial [53]

Human patients Twice-daily applications of 
ON101 or an absorbent 
dressing were changed 
once daily or 2 to 3 times a 
week for 16 weeks, with a 
12-week follow-up.

ON101 exhibited better healing 
efficacy.

ON101 regulates macrophage 
polarization.
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Table 2. Therapeutic agents promoting M2 macrophage polarization and wound healing in diabetes. (continued)

Macrophage 
polarization

Study Model Strategy Mechanisms/Outcome

MDSC-dependent 
macrophage 
polarization [54]

DFU mouse model MCC950 was injected every 
other day into the wound in 
C57BL/6 diabetic mice.

MCC950 increased M2 macrophages 
and decreased pro-inflammatory 
genes. MCC950 recruits MDSCs and 
significantly accelerates diabetic 
wound healing.

Resveratrol effects 
on macrophage 
polarization and 
wound healing 
[55]

Diabetic mice model

THP1 cells

Diabetes was induced with 
STZ in C57BL/6 mice.
THP1 cells were used to 
evaluate the effects of 
resveratrol on polarization 
and the secretion of pro-
inflammatory factors.

Resveratrol significantly increased 
diabetic wound healing.
Resveratrol reduces TNF-α, iNOS, 
and IL-1β secretion and promotes M2 
macrophage polarization.

Animal 
model and in 
vitro

Puerarin [56] Male C57BL/6 mice

RAW264.7 cells

Diabetes was induced using 
streptozotocin in mice.

Puerarin (120 mg/kg i.p.) 
was administered daily to 
the mice

Induces M2 macrophage polarization.

The effects of puerarin on 
macrophage polarization are related 
to NF-κB and MAPK signaling 
pathways.
Puerarin promotes diabetic wound 
healing.

ADSCs: adipose-derived stem cells; MDSCs: myeloid-derived suppressor cells; TNF-α: tumor necrosis factor alpha; iNOS: 
inducible nitric oxide synthase; IL: interleukin; NF-κB: nuclear factor kappa beta; MAPK: mitogen-activated protein kinase.

Figure 2. Immunomodulation strategies for nonhealing diabetic foot ulcers (DFUs). Created in BioRender. Rai, V. (2026) 
https://BioRender.com/cwvna0i.

Evidence from animal models

A study by Yang et al. [57], using diabetic rats and human dermal fibroblasts, reported the role of Forkhead 
box protein M1 (FOXM1) in accelerating wound healing in diabetic mice involving M2 macrophage 
polarization through Hedgehog signaling. This suggests that macrophage polarization is an attractive target 
for promoting DFU healing. Another study using a mouse model reported the effects of MCC950 in 
promoting diabetic wound healing by inhibiting NLRP3 inflammasome activation and modulating 
macrophage polarization in a myeloid-derived suppressor cell (MDSC)-dependent manner [54] (Figure 2). 
Accelerated wound healing in diabetic mice was reported with resveratrol targeting macrophage 
polarization [55]. Qi et al. [58] reported that AuPt@melanin-incorporated (GHM3) hydrogel decreases local 
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glucose and ROS levels and promotes wound healing in diabetic rats’ wounds by promoting M2 macrophage 
polarization. The role of other drugs and biomaterials, including melatonin-stimulated exosomes, insulin, 
CSO, pUBM, quercetin, docosahexaenoic acid, and biomaterials containing sulfated chitosan (SCS)-doped 
collagen type I (Col I/SCS), deep eutectic solvent (DESs), hyaluronic acid (HA) and a pH-controllable 
hydrogen sulfide donor named JK1 (HA-JK1), konjac glucomannan-modified SiO2 nanoparticles (KSiNPs), 
Lactococcus lactis thermo-sensitive hydrogel, adipose-derived stem cells (ADSCs), MSCs, human (h)MSCs, 
bone marrow-derived MSCs (BM-MSCs), and ADSCs in promoting wound healing in rats, mice, and humans 
by targeting macrophage polarization has been discussed [23]. A recent study using obese diabetic mice 
(B6.Cg-Lepob/J, ob/ob) reported the role of the M2 macrophage [Tol (tolerization)/Pol (polarized) M2 
monocytic cells] secretome in promoting wound healing [59]. These studies in animal models support the 
notion of targeting macrophage polarization towards M2 macrophages to promote healing in DFUs; 
however, they warrant further research in large animal models and clinical trials before translating to 
clinics.

Exosomes are small (40–150 nm) extracellular vesicles secreted by cells that function as messengers, 
delivering cargo like proteins, mRNA, and growth factors to regulate cellular behavior, reduce 
inflammation, and facilitate tissue regeneration. They are essential for intercellular communication and are 
increasingly used in skincare to boost collagen and repair skin, as well as in studies for treating chronic 
disease [60]. Many studies have reported the role of exosomes in promoting M2 macrophage polarization 
and wound healing in diabetic wounds. For example, double-layer microneedle-based wound dressing 
systems (MEs@PMN) were shown to promote wound healing in diabetic Sprague Dawley rats by promoting 
M2 macrophage polarization and angiogenesis, and attenuating inflammation [61]. Another study using 
db/db mice reported enhanced wound healing potential of epidermal stem cell-derived exosomes via miR-
203a-3p/SOCS3-mediated induction of M2 macrophage polarization [62]. Another study using C57BL/6 
mice reported that exosomes from ADSCs promote wound healing by promoting M2 macrophage 
polarization, reducing inflammatory response, and increasing collagen production involving the circ-
Rps5/miR-124-3p axis [63]. Liu et al. [64] reported the role of melatonin-pretreated MSC-derived 
exosomes in promoting wound healing in db/db mice by increasing M2 macrophage polarization involving 
activated phosphatase and tensin homolog (PTEN)/AKT signaling pathway. These results support the 
notion that exosomes promoting M2 macrophage polarization may have therapeutic significance in 
promoting wound healing in DFU. Though exosome-mediated promotion of wound healing has shown 
encouraging results in preclinical studies (rodent models), it has not yet been translated into clinical 
practice due to significant bottlenecks in standardization, manufacturing, and in-vivo efficacy. Although 
MSC-derived exosomes effectively modulate inflammation, angiogenesis, and tissue remodeling, their 
transition from bench to bedside faces several critical challenges, as discussed in the limitations section 
below.

Evidence from human studies

A recent study [52] using bioinformatics analysis reported that ADSCs regulate the gene expression of EREG 
and CSTA to promote M2 macrophage polarization and DFU wound healing. Another study reported that a 
hydrogel of zwitterionic poly(sulfobetaine methacrylate) (SB) incorporated with keratin-exfoliated MoS2 
and bee-wax nanoparticles to deliver phenytoin promotes wound healing by promoting M2 macrophage 
polarization and attenuating inflammation [65]. A phase 3 large-scale, international Multi-Regional Clinical 
Trial (MRCT) in Taiwan (China) investigating the efficacy and safety of ON101, a topical new drug 
regulating M1/M2-macrophage polarization, reported excellent therapeutic efficacy in promoting healing in 
Wagner grade 3 and 4 DFUs in the real-world scenario. The study involved 133 patients with ulcer severity 
varying between Wagner grades 1 to 4, and the average ulcer complete healing rate was 71%, with no 
adverse events [66]. Previously, ON101 was investigated in China with 236 DFU patients who applied it 
topically and showed improved healing in Wagner Grade 1 and 2 DFUs after a 12-week follow-up [53]. It 
should be noted that these results are from a certain geographical area or a small set of population; thus, for 
translating these strategies to clinics for the general population, there is a need for large-scale randomized 
controlled trials.
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Inflammatory cytokines

Targeting inflammatory cytokines, particularly inhibiting TNF-α, IL-1, and IL-6, is a key strategy for treating 
DFUs by reversing chronic inflammation and fostering a regenerative environment. This is because chronic 
inflammation is the cause of keeping the wound in the inflammatory phase of wound healing. One of the 
strategies is polarizing macrophages towards the M2 phenotype, as discussed above. Promoting IL-10, IL-4, 
and IL-13 is another strategy crucial to shift from chronic inflammation to healing [67]. In this section, 
targeting cytokines will be discussed.

TNF-α plays an important role in maintaining chronic inflammation, as shown in Figure 1. Targeting it 
may reduce inflammation, and the wound may enter the proliferation phase, promoting wound healing in 
DFUs. The insight to target TNF-α came from a study by Goren et al. [68], revealing restoration of impaired 
wound healing in ob/ob mice with reduced number of activated viable macrophages in the wound after 
short-term systemic administration of TNF-α neutralizing monoclonal antibodies (V1q) or 
monocyte/macrophage-expressed EGF-like module-containing mucin-like hormone receptor-like (Emr)-1 
(F4/80) antibody (Figure 2). The results of this study indicated that targeting “activated” TNF-α-expressing 
macrophages may be a novel therapeutic target to promote wound healing in diabetes. A study comparing 
various TNF-α inhibitors administered subcutaneously reported that adalimumab and infliximab effectively 
promote wound healing and show similar levels of efficacy throughout the healing process in db/db mice, 
whereas golimumab, etanercept, and certolizumab pegol showed no significant effects on wound healing 
and were less effective (Figure 2). This functional difference between various inhibitors may be due to 
differences in functional Fc (fragment crystallizable) domains. The accelerated cutaneous wound healing in 
mice with adalimumab was mediated via improved epidermal closure and granulation tissue formation 
[69]. Both of these studies used anti-TNF-α therapy to promote wound healing (without mentioning any 
side effects), one systemically for the short term and the other subcutaneously. Both systemic and 
subcutaneous (short-term and long-term) may have different effects as well as side effects. Systemic anti-
TNF therapies (e.g., adalimumab, infliximab, etanercept) are highly effective for chronic inflammatory 
diseases, but their safety profile changes over time. While short-term use often triggers localized 
immune/hypersensitivity responses, long-term use is associated with systemic cumulative risks like 
reduced immunity and drug tolerance [70, 71]. It should also be noted that systemic administration causes 
more widespread, serious adverse effects, while local delivery isolates risks to the treated area. Further, it 
should also be noted that systemic anti-TNF therapy disrupts the body’s immune defenses, increasing the 
risk of both systemic and local infections. However, the presentation, mechanism, and risk profiles differ 
significantly [72, 73]. These aspects should be considered while designing therapeutics to promote wound 
healing in DFUs.

IL-1β is another cytokine whose high levels inhibit fibroblast proliferation and migration, delaying 
healing in DFUs [74]. IL-1β impaired diabetic wound healing by regulating the expression of MMP-2, MMP-
9, and TIMPs involving the p38 MAPK pathway [75]. Thus, IL-1β may be an attractive target to promote 
wound healing. This notion is supported by the fact that an IL-1β neutralizing antibody blocking the IL-1β 
pathway resulted in improved wound healing in diabetic mice. Improved healing was associated with a 
switch of proinflammatory to a healing-associated macrophage phenotype and increased levels of wound 
growth factors [76]. Another study evaluated the effects of locally administered IL-1 receptor antagonist 
(IL-1Ra; Anakinra) on wound healing in a diabetic mouse model. The study reported that IL-1Ra therapy 
decreases time to closure in splinted diabetic wounds associated with significantly decreased inflammation 
(decreased expression of neutrophils and macrophages) [77]. The role of IL-1Ra on wound healing was 
evaluated by targeting the IL-1-IL-1 receptor (IL-1-IL-1R1) axis, which delays wound healing. The results 
showed enhanced wound healing in diabetic mice with matrix-binding IL-1Ra associated with a decreased 
number of pro-inflammatory cells (macrophages and neutrophils), cytokines (IL-1β, IL-6, and CXCL1), 
senescent fibroblasts, decreased MMP-2 and MMP-9, along with higher levels of TIMP-1, anti-inflammatory 
cytokines (TGF-β, IL-4, and IL-10) and growth factors (FGF-2, PDGF-BB, and VEGF) [78]. These results 
indicate that targeting IL-1β may be a potential therapeutic target to promote wound healing in diabetes.
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Not only inhibiting cytokines to promote wound healing in DFUs, but also increasing the expression of 
cytokines like the IL-22 family may promote wound healing. This notion is supported by the fact that mice 
deficient in IL-22R showed delayed wound healing. IL-22R is the common receptor chain for IL-20, IL-22, 
and IL-24. Kolumam et al. [79] reported that IL-20, IL-22, and IL-24 promote wound healing in type II 
diabetic db/db mice. Improved wound healing was mediated by increased expression of genes involved in 
reepithelialization, tissue remodeling, and innate host defense mechanisms [79]. The studies in animal 
models support the notion that targeting cytokines may promote wound healing in DFUs, but the evidence 
is lacking in humans, and there is a need for large-scale randomized clinical trials.

Matrix metalloproteinases

Excessive and uncontrolled MMPs, particularly MMP-9, inhibit DFU healing by degrading ECM and 
prolonging inflammation. Thus, targeting MMPs should be considered to attenuate inflammation and 
promote ECM remodeling. Gao et al. [80] reported accelerated diabetic wound healing in db/db mice using 
compound ND-336, a highly selective inhibitor of gelatinases (MMP-2 and MMP-9) and MMP-14 (Figure 2). 
This effect was mediated by attenuating inflammation and by enhancing angiogenesis and re-
epithelialization. The study further showed that combining ND-336 with the topical MMP-8 recombinant 
protein has more pronounced effects. Another study showed improved wound healing in diabetic mice with 
the MMP-9 inhibitor (R)-ND-336 alone or in combination with linezolid. (R)-ND-336 is a highly selective, 
small-molecule inhibitor of MMP-9, which reduces inflammation and enhances angiogenesis, contributing 
to enhanced wound healing [81] (Figure 2).

Technology Lipido-Colloid Nano-OligoSaccharide Factor (TLC-NOSF) is another strategy for targeting 
MMPs. A systematic review of 16 randomized clinical trials (13 with collagens and 3 with TLC-NOSF 
dressing) reported the beneficial effects of inhibiting MMPs in promoting wound healing, reduction in 
wound size, and improved healing rates; however, there were substantial differences in evidence for 
different types of wounds, including DFUs, venous leg ulcers, pressure ulcers, or wounds of mixed origin. 
TLC-NOSF gel directly binds to and specifically targets MMP-2 and MMP-9, and TLC-NOSF dressing 
significantly promotes healing in hard-to-heal neuroischemic DFUs and venous leg ulcers [82] (Figure 2). 
Thus, there is a need for more research to generate evidence and potentiate the notion of targeting MMPs to 
promote wound healing in DFUs.

AGE-RAGE axis

Accumulated AGEs bind to RAGE and trigger chronic inflammation, oxidative stress, and impaired cellular 
regeneration, preventing normal wound healing in DFUs. Inhibiting this pathway is a promising therapeutic 
strategy for chronic DFUs. Lin et al. [39] reviewed the role of small-molecule inhibitors of RAGE (FPS-ZM1, 
TPP488, RAGE229), RAGE antibodies, RAGE gene therapy, and RAGE scavengers in promoting wound 
healing in diabetic ulcers in in-vitro, mouse model, and human patients [83]. In this section, we have 
summarized other recent studies (Table 3, Figure 2) supporting the notion of targeting the AGE-RAGE axis 
to promote wound healing in diabetic ulcers.

Table 3. Therapeutic strategies targeting the AGE-RAGE axis to promote wound healing in diabetes.

Study Model Strategy Mechanisms/Outcomes

Anti-RAGE antibody [84] Diabetic male 
C57BL/6 mice

Topical application of the 
RAGE antibody on the wound

↑ Neutrophil phagocytosis by 
macrophages.
↑ Phenotypic switch to M2 
macrophages.

Enhanced wound healing.
RAGE406R [85]* Diabetic mice Prevents the formation of the 

RAGE-DIAPH1 complex
Accelerate wound healing.

Decrease systemic inflammation.
Improved wound healing.

Accelerated wound closure.

Cinnamaldehyde [86] C57BL/J6 diabetic 
mice

Daily intraperitoneal injections 
of cinnamaldehyde
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Table 3. Therapeutic strategies targeting the AGE-RAGE axis to promote wound healing in diabetes. (continued)

Study Model Strategy Mechanisms/Outcomes

↓ Inflammatory infiltration and 
oxidative stress.

↑ CD31 expression 
(angiogenesis).

M1 to M2 polarization.
Resina Draconis hydrogel [87] RAW264.7 cell

Male C57BL/6J 
diabetic mice

Hydrogels were applied to the 
wounds

Accelerated wound healing.

↓ Oxidative stress.

↑ M2 macrophage polarization.
RAGE229 [88] Murine and human 

SMCs

BTBR ob/ob mice

Topical injection of RAGE229 
two times daily

↓ Expression of TNF-α, IL-6, and 
CCL2/JE-MCP-1.

Accelerate wound healing.
Palladium hydride (PATP) 
hydrogel [89]

Male C57BL/6 
diabetic mice

Co-blocks the HMGB1-RAGE 
axis “head-to-tail” (upstream 
and downstream both)

PATP hydrogels were applied 
to the wounds

↓ TNF-α, iNOS, and IL-1α levels 
in the wound.
↓ ROS, RAGE, and HMGB1 
levels.

Promotes wound healing with 
normal skin architecture.

Increased neovascularization.
Dang-Gui-Si-Ni [90] Male Sprague-

Dawley diabetic rats
Oral gavage to rats after 
wounding

Accelerated wound healing.

Decreased inflammation (↓ IL-1β, 
IL-6, TNF-α, AGEs, and RAGE 
levels).

Modulated (↑) TGF-β1 and 
Smad2/3 protein expression.

Dracorhodin [91] Sprague-Dawley 
diabetic rats

Wounds were treated with 
dracorhodin

Accelerated wound healing in a 
dose-dependent manner.
↑ Collagen synthesis, 
angiogenesis, and growth factor 
levels.

↓ Inflammation and ROS levels.
Antimicrobial hydrogel with RAGE 
and MMP-9 inhibitors [92]

In vitro cell (RAW 
264.7) and in vivo 
diabetic Wistar rat 
wound model

Immuno-gel was applied to 
wounds

Significantly decreased MMP-9 
and NF-κB expression.

Enhanced M2 macrophages and 
pro-healing cytokines.

Rosiglitazone and S-nitroso 
glutathione 
(nanoparticles/hydrogel 
composite) [93]

Diabetic SD rats RAGE inhibitor/exogenous 
nitric oxide dressing to the 
wound every other day

Significantly improved wound 
healing.
↑ Wound closure rate, collagen 
fiber production, and 
angiogenesis.

↓ Inflammation (↓ IL-1β, TNF-α, 
and IL-6).

GPP@ZnBG hydrogels [94] Diabetic mice and 
human subjects

Hydrogel was applied to the 
wound in mice and to DFUs in 
humans

↑ Angiogenesis, collagen 
formation, and tissue repair.
↓ Inflammation.

Promote wound repair.

Have antibacterial effects.
* Article preview only is available. DIAPH1: diaphanous-related formin 1; TNF-α: tumor necrosis factor alpha; IL: interleukin; NF-
κB: nuclear factor kappa beta; ROS: reactive oxygen species; HMGB1: high-mobility group box protein 1; AGEs: advanced 
glycation end products; RAGE: receptor for advanced glycation end products; iNOS: inducible nitric oxide synthase; CCL2: C-C 
motif chemokine ligand 2; MCP-1: monocyte chemoattractant protein-1; TGF-β: transforming growth factor beta.

Oxidative stress

Excessive oxidative stress caused by hyperglycemia-induced ROS and reduced antioxidant capacity is a 
primary driver of nonhealing DFUs. This imbalance damages cells, promotes chronic inflammation, impairs 
angiogenesis, and delays collagen deposition, leading to persistent, stubborn, and often infected wounds. 
Thus, targeting oxidative stress may be a potential immunomodulatory strategy to promote healing. 
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Effective reduction of oxidative stress and enhancement of wound healing have been reported with 
antioxidants like FGF-1, EGF, hesperidin, alpha-lipoic acid, and N-acetylcysteine. Further, nanotechnology-
loaded antioxidants (CeO2 nanoparticles, Yttrium oxide nanoparticles) offer a promising approach [95] 
(Figure 2). AuPt@melanin-incorporated (GHM3) hydrogel facilitates hyperthermia-enhanced local glucose 
depletion and ROS scavenging and promotes wound healing in diabetic rats. The enhanced healing was 
associated with decreased TNF-α, downregulation of the ratio of M1/M2 macrophages, increased 
angiogenesis, collagen deposition, and cell proliferation and differentiation. These effects were more 
pronounced when GHM3 was combined with NIR laser therapy [58].

A study evaluated the effects of hyperbaric oxygen therapy (HBOT) on inflammation in 15 DFU patients 
with Wagner stages 2–4 ulcers by investigating oxidative stress regulators, inflammatory cytokines, and 
NLRP3 inflammasome gene expression (NCT06502808). The study reported increased gene expression of 
SOD1 and GPX2 genes (oxidative stress regulators) and IL-1β, IL-12, IL-4, and NLRP3, while decreased 
expression of TNF-α. This change in gene expression was associated with healed wounds and suggests the 
effects of HBOT in promoting wound healing in DFUs by targeting oxidative stress [96].

Biofilms

Immunomodulation of biofilms in DFUs targets the chronic inflammatory microenvironment caused by 
bacterial communities, aiming to shift macrophages from M1 to M2 phenotype. Emerging therapies, 
including Lactobacillus biofilm derivatives, super-oxidized solutions, and quorum-sensing inhibitors, 
reduce biofilm biomass and modulate immune response, breaking the cycle of persistent inflammation and 
enhancing wound healing (Figure 2). Lactobacillus biofilm derivatives are bacteria-free derivatives that 
modulate immune function and systemic metabolic reprogramming, suppress the JAK-STAT1 signaling 
pathway, alleviate the local inflammatory microenvironment, and promote neovascularization and tissue 
repair in diabetic wounds [97]. Super-oxidized solutions are non-antibiotic agents that improve biofilm 
integrity, decrease excessive inflammation, and support tissue regeneration [98]. Quorum-sensing (QS) 
inhibitors are molecules that can reduce biofilm formation by up to 50% by targeting QS signaling 
molecules or their receptors, or downstream regulatory factors [98, 99]. Mashamba et al. [100] reported 
the highest biofilm inhibition (73%) against E. coli with Warburgia salutaris aqueous extract and 
antagonism of N-acyl homoserine lactone signaling with Euclea natalensis, Aloe ferox, and Warburgia 
salutaris compounds. These results indicated the antipathogenic and antibiofilm phytomedicine 
development role of these compounds in nonhealing DFUs. The goal of immunomodulation of biofilm is to 
reprogram macrophages to move away from an immune-suppressive phenotype that cannot clear the 
infection, reducing excessive inflammatory cytokines (e.g., IL-1β, TNF-α).

A double-blind, randomized controlled trial with 172 patients from Indonesia reported the advantages 
of targeting biofilms in promoting wound healing in DFUs. The intervention group received standard of care 
followed by wound cleansing based on the results of wound blotting and antimicrobial dressing, while the 
control group received standard of care and regular dressing. The intervention group showed significant 
improvement in DFU healing after 2 weeks of intervention. These findings suggest the role of targeting 
biofilms to promote DFU healing [101].

Clinical relevance

Targeting chronic inflammation in DFU has clinical relevance because the aim of the clinicians (or 
podiatricians) is to modulate specific cytokine and macrophage pathways to suppress excessive oxidative 
damage, prevent osteomyelitis, and promote tissue regeneration—ultimately reducing the high risk of limb 
amputation [67, 102]. As discussed above, the aim of the clinicians is to target macrophage polarization 
towards M2 macrophages, inflammatory cytokines, and unresolved activated neutrophils. For example, G-
CSF (granulocyte-colony stimulating factor) is used to improve neutrophil antimicrobial function [103]. 
Hyperglycemia activates inflammatory cascades (like the AGE-RAGE axis) that upregulate IL-6 and TNF-α. 
Targeted anti-inflammatory drugs like treprostinil regulate prostaglandin I2 pathways to interrupt this 
cycle and have shown clinical efficacy [104]. Furthermore, the antihyperglycemic agents such as metformin, 
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glucagon-like peptide 1 receptor agonists, and dipeptidyl peptidase 4 enzyme inhibitors not only help in 
glycemic control but also regulate overall metabolic imbalance, angiogenesis, inflammation, and tissue 
regeneration in DFU [105].

Targeting biofilm in DFUs is crucial because biofilms are a primary driver of wound chronicity, 
treatment failure, and lower-limb amputations. They shield microbes from antibiotics and host immunity, 
making eradication extremely difficult without mechanism-based therapies [106]. Super-oxidized solutions 
could be more effective for sustainable wound care strategies by improving infection control and reducing 
chronic wound burden [98]. Because standard topical antibiotics have limited efficacy against established 
biofilms, comprehensive management requires a multifaceted approach to disrupt the EPS matrix and 
eradicate the pathogens. Sharp debridement is considered the “gold standard” to mechanically remove 
necrotic tissue and surface biofilm, though biofilms can rapidly reform within days without further 
intervention. Antimicrobial dressings utilizing cadexomer iodine, silver, and antimicrobial peptides have 
shown clinical promise in managing biofilm and exudate while reducing inflammation [107]. To overcome 
the limitations of surface-level debridement, researchers are validating novel targeted therapies. These 
include matrix-degrading enzymes, quorum sensing inhibitors, bacteriophage therapy (which uses viruses 
that target specific bacteria), cold plasma, and electroceutical dressings [108, 109].

Another important aspect in treating DFUs is stewardship principles to guide the responsible use of 
resources, which means the treatment emphasizes targeted diagnostics and conservative management to 
prevent overtreatment, reduce antimicrobial resistance, and spare healthy bone. These principles require 
bone biopsies for culture, focused foot-sparing surgery, and individualized, strictly time-limited antibiotic 
courses [110, 111].

The clinical evidence of improved healing with surgical debridement is supported by the notion of 
complete healing of DFU in a 72-year-old woman with one session of surgical debridement and ten sessions 
of maggot therapy (one session every two days) using sterile Lucilia sericata [112]. A retrospective review 
of 10 cases using a reconstituted bilayer matrix for DFUs refractory to healing after topical wound care and 
offloading for longer than 4 weeks reported 90% of wounds closed at 12 weeks, with a mean wound area 
reduction of 85% at 6 weeks and 94% at 12 weeks. No adverse events, pain, or discomfort were reported 
[113]. Another case study reported wound closure in a 46-year-old male with DFU treated with surgical 
treatment followed by Med-honey dressing and human amniotic membrane [114]. A meta-analysis with 22 
randomized control trials (RCTs) (n = 1,148) reported that biological and enzymatic debridement reduce 
the wound area (mean decrease 29.6% and 21.8%; respectively). The report concluded the efficacy of 
biological debridement over surgical and standard wound care and of enzymatic debridement over 
autolytic debridement [115]. However, another meta-analysis including 19 RCTs (n = 900) reported the 
superiority of enzymatic debridement over standard care and other debridement methods [116]. Clinical 
trial NCT04723134 is evaluating the safety and efficacy of a folic acid wound treatment (FAWT) in 
promoting wound healing in DFUs.

The studies discussed above suggest that immunomodulation of diabetic wound microenvironment by 
targeting inflammation, macrophage polarization, oxidative stress, and the AGE-RAGE axis has a promising 
future, though large scale clinical trials are warranted. The role of various other natural therapeutics 
discussed by Liu and Yu [117] was tested in in-vitro and in-vivo models, showing enhanced wound healing 
involving decreased inflammation, oxidative stress, M1 macrophages, and increased collagen deposition, 
M2 macrophages, cell proliferation, and angiogenesis. The studies discussed by Liu and Yu [117] support 
the notion that immunomodulation may promote wound healing in DFUs. Further, studies discussed in this 
section were conducted in animal models (mice and rats), with only a few studies in humans. Thus, there is 
a need for clinical trials to test the results of these studies. But the question arises, why are these results 
limited to preclinical studies and have not been translated to clinics? The reason behind this is limitations 
in translation, as discussed below.
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Limitations of immunomodulation therapeutics
Transitional issues of preclinical studies

Preclinical studies often fail to translate to human clinics due to fundamental biological differences, 
inappropriate disease models, and poor study design, leading to a nearly 95% failure rate in drug 
development. Major limitations include inter-species differences (genetics, metabolism), lack of human 
disease diversity (patient heterogeneity), and flawed preclinical methodologies. Animal models, 
particularly in complex diseases (like multifactorial DFUs), frequently misrepresent the human disease 
process and often fail to replicate human pathophysiology (physiology, drug metabolism, and immune 
responses) or the full complexity of the disease. Lack of standardization, poor statistical design, small 
sample sizes, and publication bias (publishing only positive results) often lead to poor reproducibility in 
animal studies. Laboratory animals are often genetically identical and kept in uniform environments, 
whereas human populations are diverse with varying genetics, lifestyles, and comorbidities, affecting drug 
response. Physiological, immune, and genetic differences between animals and humans mean drugs can 
behave differently, causing unexpected toxicity or lack of efficacy. Lack of variation in laboratory conditions 
(using both sexes and multiple strains) may be a reason for the unsuccessful translation of preclinical 
studies to clinics. However, preclinical results are not independently validated before moving to clinical 
trials [118, 119].

One of the options is to replace animals with modern technologies like using human induced 
pluripotent stem cells (iPSCs), tissue engineering, organoids, 3D modeling (culturing), microfabrication 
approaches, microfluid technology, organ on a chip technique, and in-silico bioinformatics; however, these 
technologies have a long way to go. These techniques have limitations in not displaying the harmful effects 
of the drug being tested, such as in animals, and providing a more accurate prediction of side effects [120]. 
This suggests that a combined effort of all techniques with a data-driven approach may be beneficial in 
translating preclinical results to clinics. Another strategy will be to improve and apply rigorous statistical 
design. As stated above, weak statistical power led to poor clinical translation, enforcing a priori sample 
size calculations, performing multi-site confirmation trials across different laboratories, and pre-register 
study protocols to eliminate bias and ensure highly reproducible results. Furthermore, designing preclinical 
studies with endpoints that mirror human clinical protocols may also help in advancing the results of 
preclinical studies to clinics [121, 122].

Small molecules and natural compounds

Coming to the small molecules and natural compounds, poor solubility, poor bioavailability, chemical 
instability, complex structure, large molecular size, issues with crossing the cell membrane (penetration), 
cytotoxicity at higher doses, purification status, manufacturing cost, release profile, and characterization of 
the drug molecule are common limitations in translating the preclinical studies to clinics [117]. The 
limitations with small-molecule drugs in trials include low selectivity (off-target effects), limited ability to 
target complex protein-protein interactions, high toxicity risks, and poor pharmacokinetic profiles, such as 
low oral bioavailability or short half-lives. These challenges lead to high attrition rates during clinical 
development, often requiring frequent dosing [123]. Further, the small molecule under consideration for a 
target may act differently in animal models and humans. An estimated 80% of the human proteome is 
traditionally considered “undruggable” by small molecules [124]. Another issue may be the dose of a drug 
effective in humans based on animal model research. It is notoriously difficult to predict the exact dose 
required to safely maintain a therapeutic concentration at the target site in humans based on animal data, 
leading to inadequate clinical exposure. Often, the dose required to achieve therapeutic efficacy in humans 
is higher than the maximum tolerated dose, leading to unmanageable side effects [125]. To mitigate the 
small molecule limitations from preclinical models to the clinic, integrating the Developability Classification 
System principles and Physiologically Based Pharmacokinetic (PBPK) Modeling early in the pipeline may be 
helpful. This can bridge the gap between animal models and human trials [126].
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The primary limitations of using phytochemicals (natural compounds) in preclinical and clinical trials 
include poor bioavailability, lack of standardized preparations, low efficacy in humans compared to animal 
models, and potential drug interactions or toxicities at high doses. Furthermore, many preclinical studies 
fail to translate, and identifying optimal dosages for human trials remains challenging [127]. When 
administered, these compounds are rapidly metabolized, poorly absorbed, or broken down by the digestive 
system, meaning they rarely reach target tissues at the high concentrations proven effective in cell cultures. 
Additionally, many potent phytochemicals are insoluble in water, chemically unstable, and subject to 
extensive first-pass metabolism in the liver, meaning only a tiny fraction of an oral dose ever enters the 
bloodstream [128, 129]. As discussed above, complex clearance mechanisms and biological barriers of the 
human body may be a reason for failure of phytochemicals. These limitations may be mitigated by utilizing 
advanced drug delivery systems, structural modifications, and rigorous, standardized trial designs to bridge 
the translational gap [127].

Scaffolds, tissue engineering, and nanoparticles

Bioabsorbable scaffolds and hydrogels are emerging strategies for designing novel therapeutics that 
promote DFU healing. Hydrogels in preclinical and clinical trials face limitations regarding poor mechanical 
strength, degradation byproducts, and limited long-term stability. Key challenges include controlling drug 
burst release, achieving long-term bio-integration, potential immunogenicity, cost-effectiveness, and scaling 
up for regulatory approval. Limited reporting of key design parameters (e.g., crosslinking ratios, viscosity) 
hinders the ability to create meta-analyses of clinical outcomes. These challenges often make translating 
promising preclinical results to clinical practice difficult [130]. The issues of scaling limits, mechanical 
mismatches, poor vascularization, and component manufacturing complexity associated with scaffolds may 
be mitigated by utilizing hybrid materials, establishing dynamic biomimetic testing platforms, adopting 
predictive animal models, and ensuring scalable manufacturing compliance [131].

Tissue engineering faces significant limitations in preclinical and clinical trials, primarily driven by the 
difficulty of replicating complex human tissue architecture (mechanical mismatch), inadequate 
revascularization of implants, immune rejection, and low cell survival rates in vivo. Key hurdles include 
sourcing sufficient autologous cells, high production costs, strict regulatory requirements, and the poor 
translation of small animal study findings (poor predictive model) to human patients [132]. The issues of 
tissue engineering and stem cells may be mitigated by overcoming cell sourcing and scalability using Good 
Manufacturing Practice (GMP), automated bioreactors, and induced pluripotent stem cells (iPSCs). 
Enhancing engraftment and survival of cells by improving bioabsorbable scaffolds and using 
chemoattractant scaffolds that recruit the patient's own native stem cells directly to the injury site [133–
135].

As discussed above, nanoparticles are often used with engineered tissues and hydrogels to deliver 
drugs. Significant limitations associated with nanoparticles in preclinical and clinical trials include low 
translational success due to poor prediction of human biological processes, poor efficacy in humans 
compared to animal models, rapid immune clearance by the mononuclear phagocyte system, high excretion 
rate, protein corona formation, and unexpected immunotoxicity. Other challenges involve complex, 
inconsistent ADME (absorption, distribution, metabolism, excretion) profiles and difficulties in scaling 
production while maintaining stability [117, 136, 137]. These limitations and the translational gap may be 
mitigated by addressing critical discrepancies in biological complexity, manufacturing scalability, and 
patient heterogeneity. Bridging this gap requires adopting robust characterization protocols, 
physiologically relevant disease models, and standardized regulatory strategies early in development [138–
140].

Exosomes

Using exosomes is another strategy for therapeutics promoting wound healing in DFUs. The primary 
limitations of using exosomes in preclinical and clinical trials include a lack of standardized, scalable 
isolation and purification methods, low manufacturing yields, and poor long-term stability. Furthermore, 
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challenges in maintaining consistent cargo loading, determining precise dosing, and avoiding potential 
immune reactions or undesired off-target effects impede clinical translation [141–145]. Exosomes are 
unstable at room temperature and prone to degradation, leading to over 70% loss of activity, requiring 
specialized, costly storage like cryopreservation. Due to complex biological origins, isolating specific 
exosomes and confirming their homogeneity is difficult, as they are often contaminated with other 
extracellular vesicles (EVs). Poor loading efficiency for drug delivery and difficulties in achieving specific, 
targeted delivery to target tissues in vivo limit therapeutic efficacy. There are few precedents for exosome 
therapy regulatory approval, raising concerns about potential immunogenicity, unknown donor history, 
and long-term side effects. Further investigation is required to optimize manufacturing techniques to 
ensure reproducible and effective clinical applications [141–145]. Mitigating the gap between exosome 
preclinical studies and clinical trials requires overcoming strict manufacturing hurdles, establishing 
standardized potency assays, addressing pharmacokinetic limitations, and navigating complex regulatory 
frameworks. For exosome production, preclinical research often relies on manual, low-yield methods like 
ultracentrifugation, which are inadequate for commercial-scale clinical trials. Transitioning from static 
flasks to hollow-fiber bioreactors to significantly increase exosome yield while strictly maintaining animal-
free, Good Manufacturing Practice (GMP) conditions may improve the outcomes. Furthermore, replacing 
traditional ultracentrifugation with scalable techniques like tangential flow filtration (TFF) and size 
exclusion chromatography (SEC) to remove contaminants reliably may also help in improving outcomes 
[142, 144, 146].

Future directions
Overcoming preclinical to clinical trial limitations requires improving the predictive value of animal 
models, increasing methodological rigor, and implementing adaptive clinical designs to address the failure 
rate due to efficacy or toxicity gaps. Key strategies include utilizing complex models, independent 
replication, early human data, and strict adherence to Good Laboratory Practice guidelines [120, 125, 147, 
148]. Improved preclinical models may be a strategy for improved outcomes. The strategies involve shifting 
beyond traditional mouse models to more predictive tools, such as human organ-on-a-chip technologies, 3D 
tissue models, and computer simulations, to better represent human biology. Rigorous study design may be 
another strategy to ensure high internal and external validity by using randomized, blinded studies with 
clear inclusion/exclusion criteria, like clinical trials. Independent validation to reproduce key preclinical 
findings in independent labs and across different species to enhance robustness before advancing to human 
trials. Implementing adaptive trial designs that allow for modifications based on interim data can reduce 
the time and expense of clinical trials. Gathering human data earlier by starting phase 1 with or in patient 
populations, rather than relying solely on healthy volunteers, may improve outcomes. Furthermore, 
focusing on optimizing drug-like properties and verifying therapeutic targets using genomic/proteomic 
data for better candidate selection will help improve outcomes of pre-clinical and clinical trials [120, 125, 
147, 148].

In relation to the healing in DFUs, along with the above future directions, the focus of future research 
should be on the development of advanced delivery systems, incorporation of antimicrobials and/or 
debriding enzymes alongside natural active compounds, integration of novel therapeutic agents with 
standard care, identification of more specific biomarkers, or a panel of biomarkers for diagnosis as well as 
treatment outcome, personalized medicine based on transcriptomic, proteomic, or epigenomic analysis, and 
elucidation of evidence-based medicine through large-scale clinical trials after the preclinical studies [117].

Conclusions
In conclusion, immunomodulation strategies have shown promising results in preclinical trials, but most of 
them have not been translated to clinics. Enhancing preclinical results for clinical translation requires 
improving research rigor, utilizing advanced human-relevant models, and ensuring transparent, 
standardized reporting. Research focus should be on fostering seamless communication between teams, 
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validating biomarkers early, personalized medicine, and including multi-omics while designing a 
therapeutic strategy in a pre-clinical trial with the aim of translating it to clinics. Focus of research should 
be on designing strategies targeting chronic inflammation (macrophages polarization), angiogenesis, and 
ECM remodeling to promote wound healing in DFUs. Key strategies include advanced biomaterial delivery 
and targeted biological and metabolic interventions. Applying specialized 3D-crosslinked hydrogels loaded 
with active agents acting as localized anti-inflammatory reservoirs in the wound bed and using ROS-
scavenging nanomaterials to clear harmful free radicals and protect healthy regenerating cells at the wound 
edge may be an attractive strategy.

Abbreviations
ADSCs: adipose-derived stem cells

AGEs: advanced glycation end products

AKT: protein kinase B

CXCL: C-X-C motif ligand

DFU: diabetic foot ulcer

ECM: extracellular matrix

EGF: epidermal growth factor

EPCs: endothelial progenitor cells

EPSs: extracellular polymeric substance

FGF: fibroblast growth factor

ICAM-1: intercellular adhesion molecule 1

IFN: interferon

IL: interleukin

JAK: Janus kinase

MCP-1: monocyte chemoattractant protein-1

MDSC: myeloid-derived suppressor cell

MMPs: matrix metalloproteinases

MSCs: mesenchymal stem cells

NETs: neutrophil extracellular traps

NF-κB: nuclear factor kappa beta

NLRP3: NOD-, LRR- and pyrin domain-containing protein 3

PAD: peripheral arterial disease

PDGF: platelet-derived growth factor

PI3K: phosphatidylinositol 3-kinase

RAGE: receptor for advanced glycation end products

RCTs: randomized control trials

ROS: reactive oxygen species

SCS: sulfated chitosan

STAT: signal transducer and activator of transcription

TGF-β: transforming growth factor beta

TIMP: tissue inhibitors of matrix metalloproteinase



Explor Immunol. 2026;6:1003269 | https://doi.org/10.37349/ei.2026.1003269 Page 19

TNF-α: tumor necrosis factor alpha

TSP: thrombospondin

VEGF: vascular endothelial growth factor

Declarations
Author contributions

VR: Conceptualization, Visualization, Writing—original draft, Writing—review & editing. The author read 
and approved the submitted version.

Conflicts of interest

The author declares that there are no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

The authors received no specific funding for this study.

Copyright

© The Author(s) 2026.

Publisher’s note
Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations 
and maps. All opinions expressed in this article are the personal views of the author(s) and do not 
represent the stance of the editorial team or the publisher.

References
Srinivas-Shankar U, Kimyaghalam A, Bergman R. Diabetic Foot Ulceration and Complications. 
StatPearls: StatPearls Publishing; 2025.

1.     

Armstrong DG, Tan TW, Boulton AJM, Bus SA. Diabetic Foot Ulcers: A Review. JAMA. 2023;330:
62–75. [DOI] [PubMed] [PMC]

2.     

McDermott K, Fang M, Boulton AJM, Selvin E, Hicks CW. Etiology, Epidemiology, and Disparities in 
the Burden of Diabetic Foot Ulcers. Diabetes Care. 20223;46:209–21. [DOI] [PubMed] [PMC]

3.     

Zhang P, Lu J, Jing Y, Tang S, Zhu D, Bi Y. Global epidemiology of diabetic foot ulceration: a systematic 
review and meta-analysis. Ann Med. 2017;49:106–16. [DOI] [PubMed]

4.     

Wernecke J, Wernecke M, Ebenau O, Spruth B, Krämer M, Vogelmann T, et al. Epidemiology and the 
Medical Burden of Diabetic Foot Ulcers Especially in Patients With Infection—A Population-Based 
Analysis From Germany. Int Wound J. 2025;22:e70157. [DOI] [PubMed] [PMC]

5.     

Lim JZ, Ng NS, Thomas C. Prevention and treatment of diabetic foot ulcers. J R Soc Med. 2017;110:
104–9. [DOI] [PubMed] [PMC]

6.     

https://dx.doi.org/10.1001/jama.2023.10578
http://www.ncbi.nlm.nih.gov/pubmed/37395769
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10723802
https://dx.doi.org/10.2337/dci22-0043
http://www.ncbi.nlm.nih.gov/pubmed/36548709
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9797649
https://dx.doi.org/10.1080/07853890.2016.1231932
http://www.ncbi.nlm.nih.gov/pubmed/27585063
https://dx.doi.org/10.1111/iwj.70157
http://www.ncbi.nlm.nih.gov/pubmed/40129108
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11932955
https://dx.doi.org/10.1177/0141076816688346
http://www.ncbi.nlm.nih.gov/pubmed/28116957
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5349377


Explor Immunol. 2026;6:1003269 | https://doi.org/10.37349/ei.2026.1003269 Page 20

Everett E, Mathioudakis N. Update on management of diabetic foot ulcers. Ann N Y Acad Sci. 2018;
1411:153–65. [DOI] [PubMed] [PMC]

7.     

Rai V, Moellmer R, Agrawal DK. The role of CXCL8 in chronic nonhealing diabetic foot ulcers and 
phenotypic changes in fibroblasts: a molecular perspective. Mol Biol Rep. 2022;49:1565–72. [DOI] 
[PubMed]

8.     

Smith J, Rai V. Platelet-Rich Plasma in Diabetic Foot Ulcer Healing: Contemplating the Facts. Int J Mol 
Sci. 2024;25:12864. [DOI] [PubMed] [PMC]

9.     

Dawi J, Tumanyan K, Tomas K, Misakyan Y, Gargaloyan A, Gonzalez E, et al. Diabetic Foot Ulcers: 
Pathophysiology, Immune Dysregulation, and Emerging Therapeutic Strategies. Biomedicines. 2025;
13:1076. [DOI] [PubMed] [PMC]

10.     

Cioce A, Cavani A, Cattani C, Scopelliti F. Role of the Skin Immune System in Wound Healing. Cells. 
2024;13:624. [DOI] [PubMed] [PMC]

11.     

Chesko DM, Wilgus TA. Immune Cells in Cutaneous Wound Healing: A Review of Functional Data 
from Animal Models. Int J Mol Sci. 2022;23:2444. [DOI] [PubMed] [PMC]

12.     

Raziyeva K, Kim Y, Zharkinbekov Z, Kassymbek K, Jimi S, Saparov A. Immunology of Acute and 
Chronic Wound Healing. Biomolecules. 2021;11:700. [DOI] [PubMed] [PMC]

13.     

Kandhwal M, Behl T, Singh S, Sharma N, Arora S, Bhatia S, et al. Role of matrix metalloproteinase in 
wound healing. Am J Transl Res. 2022;14:4391–405. [PubMed]

14.     

Singh G, Chaudhry Z, Nigam S, Shoha D, Rai V. Inflammation, Fibrosis, and Innate Immune Response 
in Diabetic Foot Ulcer. In: Management and Strategies for Wound Healing. Springer; 2026. pp. 
237–58. [DOI]

15.     

Wang J, Yang X, Zhou T, Ma H, Yuan X, Yan S, et al. Microenvironment of diabetic foot ulcers: 
Implications for healing and therapeutic strategies. J Res Med Sci. 2025;30:19. [DOI] [PubMed] 
[PMC]

16.     

Wong SL, Demers M, Martinod K, Gallant M, Wang Y, Goldfine AB, et al. Diabetes primes neutrophils 
to undergo NETosis, which impairs wound healing. Nat Med. 2015;21:815–9. [DOI] [PubMed] [PMC]

17.     

Fadini GP, Menegazzo L, Rigato M, Scattolini V, Poncina N, Bruttocao A, et al. NETosis Delays Diabetic 
Wound Healing in Mice and Humans. Diabetes. 2016;65:1061–71. [DOI] [PubMed]

18.     

Yang S, Wang S, Chen L, Wang Z, Chen J, Ni Q, et al. Neutrophil Extracellular Traps Delay Diabetic 
Wound Healing by Inducing Endothelial-to-Mesenchymal Transition via the Hippo pathway. Int J 
Biol Sci. 2023;19:347–61. [DOI] [PubMed] [PMC]

19.     

Yang S, Gu Z, Lu C, Zhang T, Guo X, Xue G, et al. Neutrophil Extracellular Traps Are Markers of Wound 
Healing Impairment in Patients with Diabetic Foot Ulcers Treated in a Multidisciplinary Setting. Adv 
Wound Care (New Rochelle). 2020;9:16–27. [DOI] [PubMed] [PMC]

20.     

Li Y, Li X, Ju S, Li W, Zhou S, Wang G, et al. Role of M1 macrophages in diabetic foot ulcers and related 
immune regulatory mechanisms. Front Pharmacol. 2022;13:1098041. [DOI] [PubMed] [PMC]

21.     

Zhang J, Li H, Dong Y, Zhou Z, Wang Y, Chen X, et al. Insights Into Macrophage Polarization and M1/
M2 Balance in Diabetic Foot Ulcers. J Diabetes. 2026;18:e70205. [DOI] [PubMed] [PMC]

22.     

Wu X, He W, Mu X, Liu Y, Deng J, Liu Y, et al. Macrophage polarization in diabetic wound healing. 
Burns Trauma. 2022;10:tkac051. [DOI] [PubMed] [PMC]

23.     

Wang N, Liang H, Zen K. Molecular mechanisms that influence the macrophage m1-m2 polarization 
balance. Front Immunol. 2014;5:614. [DOI] [PubMed] [PMC]

24.     

Rai V, Moellmer R, Agrawal DK. Role of fibroblast plasticity and heterogeneity in modulating 
angiogenesis and healing in the diabetic foot ulcer. Mol Biol Rep. 2023;50:1913–29. [DOI] [PubMed]

25.     

Littig JPB, Moellmer R, Estes AM, Agrawal DK, Rai V. Increased Population of CD40+ Fibroblasts Is 
Associated with Impaired Wound Healing and Chronic Inflammation in Diabetic Foot Ulcers. J Clin 
Med. 2022;11:6335. [DOI] [PubMed] [PMC]

26.     

https://dx.doi.org/10.1111/nyas.13569
http://www.ncbi.nlm.nih.gov/pubmed/29377202
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5793889
https://dx.doi.org/10.1007/s11033-022-07144-3
http://www.ncbi.nlm.nih.gov/pubmed/35044539
https://dx.doi.org/10.3390/ijms252312864
http://www.ncbi.nlm.nih.gov/pubmed/39684575
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11641766
https://dx.doi.org/10.3390/biomedicines13051076
http://www.ncbi.nlm.nih.gov/pubmed/40426903
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12109115
https://dx.doi.org/10.3390/cells13070624
http://www.ncbi.nlm.nih.gov/pubmed/38607063
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11011555
https://dx.doi.org/10.3390/ijms23052444
http://www.ncbi.nlm.nih.gov/pubmed/35269586
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8910456
https://dx.doi.org/10.3390/biom11050700
http://www.ncbi.nlm.nih.gov/pubmed/34066746
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8150999
http://www.ncbi.nlm.nih.gov/pubmed/35958464
https://dx.doi.org/10.1007/978-3-032-12442-5_10
https://dx.doi.org/10.4103/jrms.jrms_573_24
http://www.ncbi.nlm.nih.gov/pubmed/40302998
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12039865
https://dx.doi.org/10.1038/nm.3887
http://www.ncbi.nlm.nih.gov/pubmed/26076037
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4631120
https://dx.doi.org/10.2337/db15-0863
http://www.ncbi.nlm.nih.gov/pubmed/26740598
https://dx.doi.org/10.7150/ijbs.78046
http://www.ncbi.nlm.nih.gov/pubmed/36594092
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9760440
https://dx.doi.org/10.1089/wound.2019.0943
http://www.ncbi.nlm.nih.gov/pubmed/31871827
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6918858
https://dx.doi.org/10.3389/fphar.2022.1098041
http://www.ncbi.nlm.nih.gov/pubmed/36699091
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9868553
https://dx.doi.org/10.1111/1753-0407.70205
http://www.ncbi.nlm.nih.gov/pubmed/41813253
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12978988
https://dx.doi.org/10.1093/burnst/tkac051
http://www.ncbi.nlm.nih.gov/pubmed/36601058
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9797953
https://dx.doi.org/10.3389/fimmu.2014.00614
http://www.ncbi.nlm.nih.gov/pubmed/25506346
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4246889
https://dx.doi.org/10.1007/s11033-022-08107-4
http://www.ncbi.nlm.nih.gov/pubmed/36528662
https://dx.doi.org/10.3390/jcm11216335
http://www.ncbi.nlm.nih.gov/pubmed/36362563
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9654055


Explor Immunol. 2026;6:1003269 | https://doi.org/10.37349/ei.2026.1003269 Page 21

Chen R, Zou L. Combined analysis of single-cell sequencing and bulk transcriptome sequencing 
reveals new mechanisms for non-healing diabetic foot ulcers. PLOS ONE. 2024;19:e0306248. [DOI] 
[PubMed] [PMC]

27.     

Wang HH, Korah M, Jing SL, Berry CE, Griffin MF, Longaker MT, et al. Characterizing Fibroblast 
Heterogeneity in Diabetic Wounds Through Single-Cell RNA-Sequencing. Biomedicines. 2024;12:
2538. [DOI] [PubMed] [PMC]

28.     

Gumede DB, Abrahamse H, Houreld NN. Targeting Wnt/β-catenin signaling and its interplay with 
TGF-β and Notch signaling pathways for the treatment of chronic wounds. Cell Commun Signal. 
2024;22:244. [DOI] [PubMed] [PMC]

29.     

Wang KY, Yamada S, Izumi H, Tsukamoto M, Nakashima T, Tasaki T, et al. Critical in vivo roles of 
WNT10A in wound healing by regulating collagen expression/synthesis in WNT10A-deficient mice. 
PLOS ONE. 2018;13:e0195156. [DOI] [PubMed] [PMC]

30.     

Griffin MF, Huber J, Evan FJ, Quarto N, Longaker MT. The role of Wnt signaling in skin fibrosis. Med 
Res Rev. 20212;42:615–28. [DOI] [PubMed]

31.     

Fu K, Zheng X, Chen Y, Wu L, Yang Z, Chen X, et al. Role of matrix metalloproteinases in diabetic foot 
ulcers: Potential therapeutic targets. Front Pharmacol. 2022;13:1050630. [DOI] [PubMed] [PMC]

32.     

Jones JI, Nguyen TT, Peng Z, Chang M. Targeting MMP-9 in Diabetic Foot Ulcers. Pharmaceuticals 
(Basel). 2019;12:79. [DOI] [PubMed] [PMC]

33.     

Chang M. Targeting Matrix Metalloproteinase-9 for Therapeutic Intervention in Diabetic Foot Ulcers. 
ACS Pharmacol Transl Sci. 2024;7:2901–11. [DOI] [PubMed] [PMC]

34.     

Huang K, Mi B, Xiong Y, Fu Z, Zhou W, Liu W, et al. Angiogenesis during diabetic wound repair: from 
mechanism to therapy opportunity. Burns Trauma. 2025;13:tkae052. [DOI] [PubMed] [PMC]

35.     

Tecilazich F, Dinh T, Pradhan-Nabzdyk L, Leal E, Tellechea A, Kafanas A, et al. Role of Endothelial 
Progenitor Cells and Inflammatory Cytokines in Healing of Diabetic Foot Ulcers. PLoS ONE. 2013;8:
e83314. [DOI] [PubMed] [PMC]

36.     

Liu Y, Liu Y, Deng J, Li W, Nie X. Fibroblast Growth Factor in Diabetic Foot Ulcer: Progress and 
Therapeutic Prospects. Front Endocrinol (Lausanne). 2021;12:744868. [DOI] [PubMed] [PMC]

37.     

AbuHaweeleh MN, Ali S, Elsalakawi Y, Al-Khulaifi A, Maggio V, Rizzo M, et al. Unravelling the 
pathophysiology of diabetic foot ulcer: insights into a complex wound healing process. Front Clin 
Diabetes Healthc. 2026;7:1759605. [DOI] [PubMed] [PMC]

38.     

Lin H, Yang Y, Wang X, Chung M, Zhang L, Cai S, et al. Targeting the AGEs-RAGE axis: pathogenic 
mechanisms and therapeutic interventions in diabetic wound healing. Front Med (Lausanne). 2025;
12:1667620. [DOI] [PubMed] [PMC]

39.     

Deng L, Du C, Song P, Chen T, Rui S, Armstrong DG, et al. The Role of Oxidative Stress and 
Antioxidants in Diabetic Wound Healing. Oxid Med Cell Longev. 2021;2021:8852759. [DOI] 
[PubMed] [PMC]

40.     

Ramasamy R, Yan SF, Schmidt AM. Receptor for AGE (RAGE): signaling mechanisms in the 
pathogenesis of diabetes and its complications. Ann N Y Acad Sci. 2011;1243:88–102. [DOI] 
[PubMed] [PMC]

41.     

Dai J, Chen H, Chai Y. Advanced Glycation End Products (AGEs) Induce Apoptosis of Fibroblasts by 
Activation of NLRP3 Inflammasome via Reactive Oxygen Species (ROS) Signaling Pathway. Med Sci 
Monit. 2019;25:7499–508. [DOI] [PubMed] [PMC]

42.     

Lou J, Xiang Z, Zhu X, Li J, Jin G, Cui S, et al. Skin microbiota and diabetic foot ulcers. Front Microbiol. 
2025;16:1575081. [DOI] [PubMed] [PMC]

43.     

Wang Q, Liu C, An J, Liu J, Wang Y, Cai Y. Mechanisms of microbial infection and wound healing in 
diabetic foot ulcer: pathogenicity in the inflammatory-proliferative phase, chronicity, and treatment 
strategies. Front Endocrinol (Lausanne). 2025;16:1657928. [DOI] [PubMed] [PMC]

44.     

https://dx.doi.org/10.1371/journal.pone.0306248
http://www.ncbi.nlm.nih.gov/pubmed/38950058
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11216623
https://dx.doi.org/10.3390/biomedicines12112538
http://www.ncbi.nlm.nih.gov/pubmed/39595104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11592066
https://dx.doi.org/10.1186/s12964-024-01623-9
http://www.ncbi.nlm.nih.gov/pubmed/38671406
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11046856
https://dx.doi.org/10.1371/journal.pone.0195156
http://www.ncbi.nlm.nih.gov/pubmed/29596490
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5875851
https://dx.doi.org/10.1002/med.21853
http://www.ncbi.nlm.nih.gov/pubmed/34431110
https://dx.doi.org/10.3389/fphar.2022.1050630
http://www.ncbi.nlm.nih.gov/pubmed/36339630
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9631429
https://dx.doi.org/10.3390/ph12020079
http://www.ncbi.nlm.nih.gov/pubmed/31121851
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6630664
https://dx.doi.org/10.1021/acsptsci.4c00263
http://www.ncbi.nlm.nih.gov/pubmed/39421656
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11480886
https://dx.doi.org/10.1093/burnst/tkae052
http://www.ncbi.nlm.nih.gov/pubmed/39927093
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11802347
https://dx.doi.org/10.1371/journal.pone.0083314
http://www.ncbi.nlm.nih.gov/pubmed/24358275
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3865213
https://dx.doi.org/10.3389/fendo.2021.744868
http://www.ncbi.nlm.nih.gov/pubmed/34721299
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8551859
https://dx.doi.org/10.3389/fcdhc.2026.1759605
http://www.ncbi.nlm.nih.gov/pubmed/41789125
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12956518
https://dx.doi.org/10.3389/fmed.2025.1667620
http://www.ncbi.nlm.nih.gov/pubmed/41048949
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12488618
https://dx.doi.org/10.1155/2021/8852759
http://www.ncbi.nlm.nih.gov/pubmed/33628388
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7884160
https://dx.doi.org/10.1111/j.1749-6632.2011.06320.x
http://www.ncbi.nlm.nih.gov/pubmed/22211895
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4501013
https://dx.doi.org/10.12659/msm.915806
http://www.ncbi.nlm.nih.gov/pubmed/31587010
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6792499
https://dx.doi.org/10.3389/fmicb.2025.1575081
http://www.ncbi.nlm.nih.gov/pubmed/40666801
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12261678
https://dx.doi.org/10.3389/fendo.2025.1657928
http://www.ncbi.nlm.nih.gov/pubmed/41103650
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12520920


Explor Immunol. 2026;6:1003269 | https://doi.org/10.37349/ei.2026.1003269 Page 22

Versey Z, da Cruz Nizer WS, Russell E, Zigic S, DeZeeuw KG, Marek JE, et al. Biofilm-Innate Immune 
Interface: Contribution to Chronic Wound Formation. Front Immunol. 2021;12:648554. [DOI] 
[PubMed] [PMC]

45.     

Cavallo I, Sivori F, Mastrofrancesco A, Abril E, Pontone M, Di Domenico EG, et al. Bacterial Biofilm in 
Chronic Wounds and Possible Therapeutic Approaches. Biology (Basel). 2024;13:109. [DOI] 
[PubMed] [PMC]

46.     

Lin CW, Hung CM, Chen WJ, Chen JC, Huang WY, Lu CS, et al. New Horizons of Macrophage 
Immunomodulation in the Healing of Diabetic Foot Ulcers. Pharmaceutics. 2022;14:2065. [DOI] 
[PubMed] [PMC]

47.     

Özsezer G, Arslan YE. Immunomodulatory Tissue-Engineering Strategies for Diabetic Foot Ulcer 
Management: A Systematic Review. Wound Repair Regen. 2026;34:e70149. [DOI] [PubMed] [PMC]

48.     

Xiong Y, Feng Q, Lu L, Zha K, Yu T, Lin Z, et al. Immunomodulatory Hydrogels: Advanced 
Regenerative Tools for Diabetic Foot Ulcer. Adv Funct Mater. 2023;33:2213066. [DOI]

49.     

Adhikary K, Sarkar R, Maity S, Sadhukhan I, Sarkar R, Ganguly K, et al. Immunomodulation of 
Macrophages in Diabetic Wound Individuals by Structurally Diverse Bioactive Phytochemicals. 
Pharmaceuticals (Basel). 2024;17:1294. [DOI] [PubMed] [PMC]

50.     

Mahmoudvand G, Karimi Rouzbahani A, Razavi ZS, Mahjoor M, Afkhami H. Mesenchymal stem cell 
therapy for non-healing diabetic foot ulcer infection: New insight. Front Bioeng Biotechnol. 2023;11:
1158484. [DOI] [PubMed] [PMC]

51.     

Cao J, Zhang X, Li Z, Zhang S, Guo L, Liu Z, et al. Adipose-Derived Mesenchymal Stem Cells Accelerate 
Diabetic Foot Ulcer Healing by Promoting Macrophage M2 Polarization Through Downregulation of 
EREG and CSTA. J Inflamm Res. 2025;18:7749–68. [DOI] [PubMed] [PMC]

52.     

Huang YY, Lin CW, Cheng NC, Cazzell SM, Chen HH, Huang KF, et al. Effect of a Novel Macrophage-
Regulating Drug on Wound Healing in Patients With Diabetic Foot Ulcers: A Randomized Clinical 
Trial. JAMA Netw Open. 2021;4:e2122607. [DOI] [PubMed] [PMC]

53.     

Yan W, Ni T, Zhang Q, Sun X, Xu Z, Li X, et al. MCC950 promotes diabetic wound healing through 
modulating macrophage polarization in an MDSC-dependent manner. Int Immunopharmacol. 2024;
142:112983. [DOI] [PubMed]

54.     

Ding Y, Yang P, Li S, Zhang H, Ding X, Tan Q. Resveratrol accelerates wound healing by inducing M2 
macrophage polarisation in diabetic mice. Pharm Biol. 2022;60:2328–37. [DOI] [PubMed] [PMC]

55.     

Li S, Yang P, Ding X, Zhang H, Ding Y, Tan Q. Puerarin improves diabetic wound healing via regulation 
of macrophage M2 polarization phenotype. Burns Trauma. 2022;10:tkac046. [DOI] [PubMed] [PMC]

56.     

Yang Y, Zhang B, Yang Y, Peng B, Ye R. FOXM1 accelerates wound healing in diabetic foot ulcer by 
inducing M2 macrophage polarization through a mechanism involving SEMA3C/NRP2/Hedgehog 
signaling. Diabetes Res Clin Pract. 2022;184:109121. [DOI] [PubMed]

57.     

Qi X, Cai E, Xiang Y, Zhang C, Ge X, Wang J, et al. An Immunomodulatory Hydrogel by 
Hyperthermia-Assisted Self-Cascade Glucose Depletion and ROS Scavenging for Diabetic Foot Ulcer 
Wound Therapeutics. Adv Mater. 2023;35:e2306632. [DOI] [PubMed]

58.     

Boodhoo K, Vlok M, van de Vyver M. A Macrophage-Based Cell Therapy Approach Promotes Collagen 
Deposition in Diabetic Wounds. Wound Repair Regen. 2025;33:e70071. [DOI] [PubMed] [PMC]

59.     

Kalluri R, LeBleu VS. The biology, function, and biomedical applications of exosomes. Science. 2020;
367:eaau6977. [DOI] [PubMed] [PMC]

60.     

Zeng J, Sun Z, Zeng F, Gu C, Chen X. M2 macrophage-derived exosome-encapsulated microneedles 
with mild photothermal therapy for accelerated diabetic wound healing. Mater Today Bio. 2023;20:
100649. [DOI] [PubMed] [PMC]

61.     

Yang H, Xu H, Wang Z, Li X, Wang P, Cao X, et al. Analysis of miR-203a-3p/SOCS3-mediated induction 
of M2 macrophage polarization to promote diabetic wound healing based on epidermal stem cell-
derived exosomes. Diabetes Res Clin Pract. 2023;197:110573. [DOI] [PubMed]

62.     

https://dx.doi.org/10.3389/fimmu.2021.648554
http://www.ncbi.nlm.nih.gov/pubmed/33897696
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8062706
https://dx.doi.org/10.3390/biology13020109
http://www.ncbi.nlm.nih.gov/pubmed/38392327
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10886835
https://dx.doi.org/10.3390/pharmaceutics14102065
http://www.ncbi.nlm.nih.gov/pubmed/36297499
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9606988
https://dx.doi.org/10.1111/wrr.70149
http://www.ncbi.nlm.nih.gov/pubmed/41879138
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC13014567
https://dx.doi.org/10.1002/adfm.202213066
https://dx.doi.org/10.3390/ph17101294
http://www.ncbi.nlm.nih.gov/pubmed/39458935
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11510503
https://dx.doi.org/10.3389/fbioe.2023.1158484
http://www.ncbi.nlm.nih.gov/pubmed/37122856
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10133463
https://dx.doi.org/10.2147/jir.s519713
http://www.ncbi.nlm.nih.gov/pubmed/40529896
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12171013
https://dx.doi.org/10.1001/jamanetworkopen.2021.22607
http://www.ncbi.nlm.nih.gov/pubmed/34477854
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8417758
https://dx.doi.org/10.1016/j.intimp.2024.112983
http://www.ncbi.nlm.nih.gov/pubmed/39217887
https://dx.doi.org/10.1080/13880209.2022.2149821
http://www.ncbi.nlm.nih.gov/pubmed/36469602
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9728132
https://dx.doi.org/10.1093/burnst/tkac046
http://www.ncbi.nlm.nih.gov/pubmed/36568527
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9773819
https://dx.doi.org/10.1016/j.diabres.2021.109121
http://www.ncbi.nlm.nih.gov/pubmed/34742786
https://dx.doi.org/10.1002/adma.202306632
http://www.ncbi.nlm.nih.gov/pubmed/37803944
https://dx.doi.org/10.1111/wrr.70071
http://www.ncbi.nlm.nih.gov/pubmed/40734505
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12308272
https://dx.doi.org/10.1126/science.aau6977
http://www.ncbi.nlm.nih.gov/pubmed/32029601
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7717626
https://dx.doi.org/10.1016/j.mtbio.2023.100649
http://www.ncbi.nlm.nih.gov/pubmed/37206877
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10189292
https://dx.doi.org/10.1016/j.diabres.2023.110573
http://www.ncbi.nlm.nih.gov/pubmed/36764461


Explor Immunol. 2026;6:1003269 | https://doi.org/10.37349/ei.2026.1003269 Page 23

Yin D, Shen G. Exosomes from adipose-derived stem cells regulate macrophage polarization and 
accelerate diabetic wound healing via the circ-Rps5/miR-124-3p axis. Immun Inflamm Dis. 2024;12:
e1274. [DOI] [PubMed] [PMC]

63.     

Liu W, Yu M, Xie D, Wang L, Ye C, Zhu Q, et al. Melatonin-stimulated MSC-derived exosomes improve 
diabetic wound healing through regulating macrophage M1 and M2 polarization by targeting the 
PTEN/AKT pathway. Stem Cell Res Ther. 2020;11:259. [DOI] [PubMed] [PMC]

64.     

Mehnath S, Karthikeyan K, Jeyaraj M. Mechanical Force on Hydrogel Implication on Enhanced Drug 
Release, Antibacterial, and M2 Macrophage Polarization: New Insights Alleviate Diabetic Wound 
Healing. ACS Appl Mater Interfaces. 2024;16:55166–80. [DOI] [PubMed]

65.     

Chen SG, Chu ST, Pu CM, Chen JC, Wu YH. 100-OR: A Novel Macrophage-Regulation Drug for Treating 
Diabetic Foot Ulcer—A Phase III MRCT Study and Taiwan Experience. Diabetes. 2023;72:100-OR. 
[DOI]

66.     

Alam A, Momi S, Riyaz H, Behado O, Rai V. Impaired cytokines in diabetes and diabetic foot ulcers: 
mechanisms and prospects. Explor Endocr Metab Dis. 2026;3:101457. [DOI]

67.     

Goren I, Müller E, Schiefelbein D, Christen U, Pfeilschifter J, Mühl H, et al. Systemic Anti-TNFα 
Treatment Restores Diabetes-Impaired Skin Repair in ob/ob Mice by Inactivation of Macrophages. J 
Invest Dermatol. 2007;127:2259–67. [DOI] [PubMed]

68.     

Cao Y, Harvey BP, Jin L, Westmoreland S, Wang J, Puri M, et al. Therapeutic TNF Inhibitors Exhibit 
Differential Levels of Efficacy in Accelerating Cutaneous Wound Healing. JID Innov. 2024;4:100250. 
[DOI] [PubMed] [PMC]

69.     

Dogra S, Khullar G. Tumor necrosis factor-α antagonists: Side effects and their management. Indian J 
Dermatol Venereol Leprol. 2013;79:S35–46. [DOI] [PubMed]

70.     

Arora A, Mahajan A, Spurden D, Boyd H, Porter D. Long-Term Drug Survival of TNF Inhibitor Therapy 
in RA Patients: A Systematic Review of European National Drug Registers. Int J Rheumatol. 2013;
2013:764518. [DOI] [PubMed] [PMC]

71.     

Minozzi S, Bonovas S, Lytras T, Pecoraro V, González-Lorenzo M, Bastiampillai AJ, et al. Risk of 
infections using anti-TNF agents in rheumatoid arthritis, psoriatic arthritis, and ankylosing 
spondylitis: a systematic review and meta-analysis. Expert Opin Drug Saf. 2016;15:11–34. [DOI] 
[PubMed]

72.     

Crawford M, Curtis JR. Tumor necrosis factor inhibitors and infection complications. Curr Rheumatol 
Rep. 2008;10:383–9. [DOI] [PubMed] [PMC]

73.     

Gan MS, Yang B, Fang DL, Wu BL. IL-1B can serve as a healing process and is a critical regulator of 
diabetic foot ulcer. Ann Transl Med. 2022;10:179. [DOI] [PubMed] [PMC]

74.     

Dai J, Shen J, Chai Y, Chen H. IL-1β Impaired Diabetic Wound Healing by Regulating MMP-2 and 
MMP-9 through the p38 Pathway. Mediators Inflamm. 2021;2021:6645766. [DOI] [PubMed] [PMC]

75.     

Mirza RE, Fang MM, Ennis WJ, Koh TJ. Blocking Interleukin-1β Induces a Healing-Associated Wound 
Macrophage Phenotype and Improves Healing in Type 2 Diabetes. Diabetes. 2013;62:2579–87. [DOI] 
[PubMed] [PMC]

76.     

Perrault DP, Bramos A, Xu X, Shi S, Wong AK. Local Administration of Interleukin-1 Receptor 
Antagonist Improves Diabetic Wound Healing. Ann Plast Surg. 2018;80:S317–21. [DOI] [PubMed] 
[PMC]

77.     

Tan JL, Lash B, Karami R, Nayer B, Lu YZ, Piotto C, et al. Restoration of the healing microenvironment 
in diabetic wounds with matrix-binding IL-1 receptor antagonist. Commun Biol. 2021;4:422. [DOI] 
[PubMed] [PMC]

78.     

Kolumam G, Wu X, Lee WP, Hackney JA, Zavala-Solorio J, Gandham V, et al. IL-22R Ligands IL-20, IL-
22, and IL-24 Promote Wound Healing in Diabetic db/db Mice. PLOS ONE. 2017;12:e0170639. [DOI] 
[PubMed] [PMC]

79.     

https://dx.doi.org/10.1002/iid3.1274
http://www.ncbi.nlm.nih.gov/pubmed/38888351
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11184652
https://dx.doi.org/10.1186/s13287-020-01756-x
http://www.ncbi.nlm.nih.gov/pubmed/32600435
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7322868
https://dx.doi.org/10.1021/acsami.4c13633
http://www.ncbi.nlm.nih.gov/pubmed/39360811
https://dx.doi.org/10.2337/db23-100-or
https://dx.doi.org/10.37349/eemd.2026.101457
https://dx.doi.org/10.1038/sj.jid.5700842
http://www.ncbi.nlm.nih.gov/pubmed/17460730
https://dx.doi.org/10.1016/j.xjidi.2023.100250
http://www.ncbi.nlm.nih.gov/pubmed/38226320
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10788510
https://dx.doi.org/10.4103/0378-6323.115526
http://www.ncbi.nlm.nih.gov/pubmed/23974693
https://dx.doi.org/10.1155/2013/764518
http://www.ncbi.nlm.nih.gov/pubmed/24307903
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3838831
https://dx.doi.org/10.1080/14740338.2016.1240783
http://www.ncbi.nlm.nih.gov/pubmed/27924643
https://dx.doi.org/10.1007/s11926-008-0062-1
http://www.ncbi.nlm.nih.gov/pubmed/18817643
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3640452
https://dx.doi.org/10.21037/atm-22-75
http://www.ncbi.nlm.nih.gov/pubmed/35280410
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8908170
https://dx.doi.org/10.1155/2021/6645766
http://www.ncbi.nlm.nih.gov/pubmed/34054346
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8149221
https://dx.doi.org/10.2337/db12-1450
http://www.ncbi.nlm.nih.gov/pubmed/23493576
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3712034
https://dx.doi.org/10.1097/sap.0000000000001417
http://www.ncbi.nlm.nih.gov/pubmed/29553981
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5929157
https://dx.doi.org/10.1038/s42003-021-01913-9
http://www.ncbi.nlm.nih.gov/pubmed/33772102
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7998035
https://dx.doi.org/10.1371/journal.pone.0170639
http://www.ncbi.nlm.nih.gov/pubmed/28125663
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5268431


Explor Immunol. 2026;6:1003269 | https://doi.org/10.37349/ei.2026.1003269 Page 24

Gao M, Nguyen TT, Suckow MA, Wolter WR, Gooyit M, Mobashery S, et al. Acceleration of diabetic 
wound healing using a novel protease–anti-protease combination therapy. Proc Natl Acad Sci U S A. 
2015;112:15226–31. [DOI] [PubMed] [PMC]

80.     

Peng Z, Nguyen TT, Song W, Anderson B, Wolter WR, Schroeder VA, et al. Selective MMP-9 Inhibitor 
(R)-ND-336 Alone or in Combination with Linezolid Accelerates Wound Healing in Infected Diabetic 
Mice. ACS Pharmacol Transl Sci. 2020;4:107–17. [DOI] [PubMed] [PMC]

81.     

Dissemond J, Augustin M, Dietlein M, Faust U, Keuthage W, Lobmann R, et al. Efficacy of MMP-
inhibiting wound dressings in the treatment of chronic wounds: a systematic review. J Wound Care. 
2020;29:102–18. [DOI] [PubMed]

82.     

Song J, Liu A, Liu B, Huang W, Jiang Z, Bai X, et al. Natural Biologics Accelerate Healing of Diabetic 
Foot Ulcers by Regulating Oxidative Stress. Front Biosci-Landmark. 2022;27:285. [DOI] [PubMed]

83.     

Wang Q, Zhu G, Cao X, Dong J, Song F, Niu Y. Blocking AGE-RAGE Signaling Improved Functional 
Disorders of Macrophages in Diabetic Wound. J Diabetes Res. 2017;2017:1428537. [DOI] [PubMed] 
[PMC]

84.     

Theophall GG, Manigrasso MB, Nazarian P, Premo A, Reverdatto S, Yepuri G, et al. RAGE-mediated 
activation of the formin DIAPH1 and human macrophage inflammation are inhibited by a small 
molecule antagonist. Cell Chem Biol. 2025;32:1221–34.e8. [DOI] [PubMed] [PMC]

85.     

Yu W, Xu H, Yuan X, Chen W, Hao Y, Zhao G. Cinnamaldehyde promotes diabetic wound healing via 
synergetic effects of AGE/RAGE-mediated macrophage polarization affecting fibroblast activation 
and angiogenesis, and Nrf2-dependent antioxidants. Biochem Biophys Res Commun. 2025;781:
152519. [DOI] [PubMed]

86.     

Jin X, Li A, Dai Z, Li Y, Feng X, Qiu F. Resina Draconis Promotes Diabetic Wound Healing by Regulating 
the AGE-RAGE Pathway to Modulate Macrophage Polarization. Curr Issues Mol Biol. 2025;47:748. 
[DOI] [PubMed] [PMC]

87.     

Manigrasso MB, Rabbani P, Egaña-Gorroño L, Quadri N, Frye L, Zhou B, et al. Small-molecule 
antagonism of the interaction of the RAGE cytoplasmic domain with DIAPH1 reduces diabetic 
complications in mice. Sci Transl Med. 2021;13:eabf7084. [DOI] [PubMed] [PMC]

88.     

Wang W, Liu X, Xiao J, Zhang Y, Hao Y, Hou R, et al. Breathable palladium hydride hydrogels mediated 
“head and tail” co-blocking HMGB1-RAGE axis strategy for diabetic foot ulcer treatment. Nano 
Today. 2025;65:102815. [DOI]

89.     

Zhang S, Xu Y, Zhang Junior C, Chen X, Zhu J. Dang-Gui-Si-Ni decoction facilitates wound healing in 
diabetic foot ulcers by regulating expression of AGEs/RAGE/TGF-β/Smad2/3. Arch Dermatol Res. 
2024;316:338. [DOI] [PubMed]

90.     

Tang G, Wang Y, Deng P, Wu J, Lu Z, Zhu R, et al. Mechanism of dracorhodin in accelerating diabetic 
foot ulcer healing via the Nrf2 pathway, a network pharmacology, molecular docking and 
experimental validation. Sci Rep. 2025;15:12492. [DOI] [PubMed] [PMC]

91.     

Banerjee A, Singh P, Sheikh PA, Kumar A, Koul V, Bhattacharyya J. Simultaneous regulation of AGE/
RAGE signaling and MMP-9 expression by an immunomodulating hydrogel accelerates healing in 
diabetic wounds. Biomater Adv. 2024;163:213937. [DOI] [PubMed]

92.     

Yang Y, Huang S, Ma Q, Li N, Li R, Wang Y, et al. Combined therapeutic strategy based on blocking the 
deleterious effects of AGEs for accelerating diabetic wound healing. Regen Biomater. 2024;11:
rbae062. [DOI] [PubMed] [PMC]

93.     

Zhao L, Chen S, Chen S, Sun Y, Xi L, Huang S, et al. Self-regulating hydrogel for diabetic wound 
healing: From animal models to a pilot clinical study. Sci Adv. 2026;12:eaed4981. [DOI] [PubMed] 
[PMC]

94.     

Wang R, Li B, Dong M, Zhu H, Jin P, Zou Y. Targeting oxidative damage in diabetic foot ulcers: 
integrative strategies involving antioxidant drugs and nanotechnologies. Burns Trauma. 2025;13:
tkaf020. [DOI] [PubMed] [PMC]

95.     

https://dx.doi.org/10.1073/pnas.1517847112
http://www.ncbi.nlm.nih.gov/pubmed/26598687
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4679041
https://dx.doi.org/10.1021/acsptsci.0c00104
http://www.ncbi.nlm.nih.gov/pubmed/33615165
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7887744
https://dx.doi.org/10.12968/jowc.2020.29.2.102
http://www.ncbi.nlm.nih.gov/pubmed/32058850
https://dx.doi.org/10.31083/j.fbl2710285
http://www.ncbi.nlm.nih.gov/pubmed/36336859
https://dx.doi.org/10.1155/2017/1428537
http://www.ncbi.nlm.nih.gov/pubmed/29119117
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5651124
https://dx.doi.org/10.1016/j.chembiol.2025.09.004
http://www.ncbi.nlm.nih.gov/pubmed/41038162
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12614354
https://dx.doi.org/10.1016/j.bbrc.2025.152519
http://www.ncbi.nlm.nih.gov/pubmed/40882313
https://dx.doi.org/10.3390/cimb47090748
http://www.ncbi.nlm.nih.gov/pubmed/41020870
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12468322
https://dx.doi.org/10.1126/scitranslmed.abf7084
http://www.ncbi.nlm.nih.gov/pubmed/34818060
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8669775
https://dx.doi.org/10.1016/j.nantod.2025.102815
https://dx.doi.org/10.1007/s00403-024-03021-0
http://www.ncbi.nlm.nih.gov/pubmed/38847916
https://dx.doi.org/10.1038/s41598-025-97831-5
http://www.ncbi.nlm.nih.gov/pubmed/40216975
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11992152
https://dx.doi.org/10.1016/j.bioadv.2024.213937
http://www.ncbi.nlm.nih.gov/pubmed/38968788
https://dx.doi.org/10.1093/rb/rbae062
http://www.ncbi.nlm.nih.gov/pubmed/39323743
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11424028
https://dx.doi.org/10.1126/sciadv.aed4981
http://www.ncbi.nlm.nih.gov/pubmed/41920988
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC13041770
https://dx.doi.org/10.1093/burnst/tkaf020
http://www.ncbi.nlm.nih.gov/pubmed/40718700
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12291543


Explor Immunol. 2026;6:1003269 | https://doi.org/10.37349/ei.2026.1003269 Page 25

Pérez-Vielma NM, Valencia Gutiérrez MM, Sánchez Camacho JV, González Hernández JE, García ÁM, 
Ochoa C, et al. The effect of hyperbaric oxygen therapy on oxidative stress and inflammation in 
patients with diabetic foot ulcers: A preliminary study. Heliyon. 2024;10:e40586. [DOI] [PubMed] 
[PMC]

96.     

Zhou Q, Chi J, Yang J, Dong X, Guo J, Lian F, et al. Natural, safety immunomodulatory derivatives of 
lactobacillus biofilms promote diabetic wound healing by metabolically regulating macrophage 
phenotype and alleviating local inflammation. J Adv Res. 2026;79:917–33. [DOI] [PubMed] [PMC]

97.     

Supardy NA, Kumar RRS. Aging, biofilms, and diabetic foot ulcers: disrupting chronic infections with 
super-oxidized solutions and addressing age-related vulnerabilities. Cardiovasc Diabetol – 
Endocrinol Rep. 2025;11:45. [DOI] [PubMed] [PMC]

98.     

Zhou L, Zhang Y, Ge Y, Zhu X, Pan J. Regulatory Mechanisms and Promising Applications of Quorum 
Sensing-Inhibiting Agents in Control of Bacterial Biofilm Formation. Front Microbiol. 2020;11:
589640. [DOI] [PubMed] [PMC]

99.     

Mashamba TG, Adeosun IJ, Baloyi IT, Tshikalange ET, Cosa S. Quorum sensing modulation and 
inhibition in biofilm forming foot ulcer pathogens by selected medicinal plants. Heliyon. 2022;8:
e09303. [DOI] [PubMed] [PMC]

100.     

Astrada A, Nakagami G, Kashiwabara K, Sanada H. Biofilm detection-based wound management in 
diabetic foot ulcers: a randomised controlled trial. J Wound Care. 2025;34:514–24. [DOI] [PubMed]

101.     

Dai Y, Chen Y. Targeting persistently activated inflammatory microenvironment to promote chronic 
wound healing. Front Immunol. 2025;16:1708358. [DOI] [PubMed] [PMC]

102.     

Monaghan MG, Borah R, Thomsen C, Browne S. Thou shall not heal: Overcoming the non-healing 
behaviour of diabetic foot ulcers by engineering the inflammatory microenvironment. Adv Drug 
Deliv Rev. 2023;203:115120. [DOI] [PubMed]

103.     

Feng JY, Ju S. Four key inflammatory pathways and targets in diabetic foot ulcers explored through 
data-driven analysis. J Vasc Surg: Venous Lymphat Disord. 2026;14:102304. [DOI] [PubMed] [PMC]

104.     

Omotosho IA, Shamsuddin N, Zaman Huri H, Chong WL, Rehman IU. From Control to Cure: Insights 
into the Synergy of Glycemic and Antibiotic Management in Modulating the Severity and Outcomes 
of Diabetic Foot Ulcers. Int J Mol Sci. 2025;26:6909. [DOI] [PubMed] [PMC]

105.     

Pouget C, Dunyach-Remy C, Pantel A, Schuldiner S, Sotto A, Lavigne JP. Biofilms in Diabetic Foot 
Ulcers: Significance and Clinical Relevance. Microorganisms. 2020;8:1580. [DOI] [PubMed] [PMC]

106.     

Ruke M, Savai J. Diabetic Foot Infection, Biofilm & New Management Strategy. Diabetes Res: Open 
Access. 2019;1:7–22. [DOI]

107.     

Theodorakopoulos G, Armstrong DG. Biofilm in Diabetic Foot Ulcers: A Systematic Narrative Review. 
Int Wound J. 2025;22:e70795. [DOI] [PubMed] [PMC]

108.     

Shen AZ, Taha M, Ghannoum M, Tyring SK. Biofilms and Chronic Wounds: Pathogenesis and 
Treatment Options. J Clin Med. 2025;14:7784. [DOI] [PubMed] [PMC]

109.     

Lipsky BA, Uçkay İ. Treating Diabetic Foot Osteomyelitis: A Practical State-of-the-Art Update. 
Medicina. 2021;57:339. [DOI] [PubMed] [PMC]

110.     

Hockney SM, Steker D, Bhasin A, Krueger KM, Williams J, Galvin S. Role of bone biopsy and deep 
tissue culture for antibiotic stewardship in diabetic foot osteomyelitis. J Antimicrob Chemother. 
2022;77:3482–6. [DOI] [PubMed] [PMC]

111.     

Hajimohammadi K, Parizad N, Hassanpour A, Goli R. Saving diabetic foot ulcers from amputation by 
surgical debridement and maggot therapy: A case report. Int J Surg Case Rep. 2021;86:106334. [DOI] 
[PubMed] [PMC]

112.     

Isaac AL, Tritto M. Use of a Novel Purified Reconstituted Bilayer Matrix for Treatment of Chronic 
Diabetic Foot Ulcers: A Retrospective Case Series. Wounds: compend clin res pract. 2023;35:E29–34. 
[DOI] [PubMed]

113.     

https://dx.doi.org/10.1016/j.heliyon.2024.e40586
http://www.ncbi.nlm.nih.gov/pubmed/39687107
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11647834
https://dx.doi.org/10.1016/j.jare.2025.04.001
http://www.ncbi.nlm.nih.gov/pubmed/40187726
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12766250
https://dx.doi.org/10.1186/s40842-025-00261-5
http://www.ncbi.nlm.nih.gov/pubmed/41413849
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12715951
https://dx.doi.org/10.3389/fmicb.2020.589640
http://www.ncbi.nlm.nih.gov/pubmed/33178172
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7593269
https://dx.doi.org/10.1016/j.heliyon.2022.e09303
http://www.ncbi.nlm.nih.gov/pubmed/35520625
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9062679
https://dx.doi.org/10.12968/jowc.2024.0051
http://www.ncbi.nlm.nih.gov/pubmed/40632065
https://dx.doi.org/10.3389/fimmu.2025.1708358
http://www.ncbi.nlm.nih.gov/pubmed/41479883
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12753479
https://dx.doi.org/10.1016/j.addr.2023.115120
http://www.ncbi.nlm.nih.gov/pubmed/37884128
https://dx.doi.org/10.1016/j.jvsv.2025.102304
http://www.ncbi.nlm.nih.gov/pubmed/41519521
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12826952
https://dx.doi.org/10.3390/ijms26146909
http://www.ncbi.nlm.nih.gov/pubmed/40725154
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12295755
https://dx.doi.org/10.3390/microorganisms8101580
http://www.ncbi.nlm.nih.gov/pubmed/33066595
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7602394
https://dx.doi.org/10.36502/2019/droa.6152
https://dx.doi.org/10.1111/iwj.70795
http://www.ncbi.nlm.nih.gov/pubmed/41339278
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12674963
https://dx.doi.org/10.3390/jcm14217784
http://www.ncbi.nlm.nih.gov/pubmed/41227178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12610832
https://dx.doi.org/10.3390/medicina57040339
http://www.ncbi.nlm.nih.gov/pubmed/33916055
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8066570
https://dx.doi.org/10.1093/jac/dkac345
http://www.ncbi.nlm.nih.gov/pubmed/36214165
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10233478
https://dx.doi.org/10.1016/j.ijscr.2021.106334
http://www.ncbi.nlm.nih.gov/pubmed/34455293
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8405980
https://dx.doi.org/10.25270/wnds/21132
http://www.ncbi.nlm.nih.gov/pubmed/36749995


Explor Immunol. 2026;6:1003269 | https://doi.org/10.37349/ei.2026.1003269 Page 26

Babamiri B, Faramarzi MR, Taraj SK, Faraji N, Goli R, Mohammadi F. Healing of a diabetic foot wound 
through surgical debridement using med-honey, maggot therapy, and human amniotic membrane: A 
case study. Int J Surg Case Rep. 2024;122:110041. [DOI] [PubMed] [PMC]

114.     

Burhan A, Firdaus EK, Sebayang SM, O'Really C, Susanti I, Sumarni R, et al. Comparative Effectiveness 
of Debridement Methods on Wound Healing Outcomes in Diabetic Foot Ulcers: A Systematic Review 
and Bayesian Network Meta-Analysis. Wound Repair Regen. 2026;34:e70164. [DOI] [PubMed]

115.     

Ning P, Liu Y, Kang J, Cao H, Zhang J. Comparison of healing effectiveness of different debridement 
approaches for diabetic foot ulcers: a network meta-analysis of randomized controlled trials. Front 
Public Health. 2023;11:1271706. [DOI] [PubMed] [PMC]

116.     

Liu Q, Yu X. Advanced Natural Therapeutics and Delivery Strategies for Diabetic Foot Ulcers: A Mini 
Review. Drug Des Dev Ther. 2025;19:10449–72. [DOI] [PubMed] [PMC]

117.     

Frangogiannis NG. Why animal model studies are lost in translation. J Cardiovasc Aging. 2022;2. 
[DOI] [PubMed] [PMC]

118.     

Hartung T. Look back in anger – what clinical studies tell us about preclinical work. ALTEX. 2013;30:
275–91. [DOI] [PubMed] [PMC]

119.     

Mahalmani V, Prakash A, Medhi B. Do alternatives to animal experimentation replace preclinical 
research? Indian J Pharmacol. 2023;55:71–5. [DOI] [PubMed] [PMC]

120.     

Aban IB, George B. Statistical considerations for preclinical studies. Exp Neurol. 2015;270:82–7. 
[DOI] [PubMed] [PMC]

121.     

Spanagel R. Ten Points to Improve Reproducibility and Translation of Animal Research. Front Behav 
Neurosci. 2022;16:869511. [DOI] [PubMed] [PMC]

122.     

Wu K, Kwon SH, Zhou X, Fuller C, Wang X, Vadgama J, et al. Overcoming Challenges in Small-Molecule 
Drug Bioavailability: A Review of Key Factors and Approaches. Int J Mol Sci. 2024;25:13121. [DOI] 
[PubMed] [PMC]

123.     

Rock-Torcivia J. Moving beyond the binary: how the convergence of small and large molecules is 
reshaping pharmaceutical R&D. Drug Discovery and Development [Internet]. [cited 2026 Apr 9]. 
Available from: https://www.drugdiscoverytrends.com/moving-beyond-the-binary-how-the-conver
gence-of-small-and-large-molecules-is-reshaping-pharmaceutical-rd/

124.     

Sun D, Gao W, Hu H, Zhou S. Why 90% of clinical drug development fails and how to improve it? Acta 
Pharm Sin B. 2022;12:3049–62. [DOI] [PubMed] [PMC]

125.     

Mehta K, Maass C, Cucurull-Sanchez L, Pichardo-Almarza C, Subramanian K, Androulakis IP, et al. 
Modernizing Preclinical Drug Development: The Role of New Approach Methodologies. ACS 
Pharmacol Transl Sci. 2025;8:1513–25. [DOI] [PubMed] [PMC]

126.     

Kim HK, Kim SJ, Gil WJ, Yang CS. Exploring the therapeutic potential of phytochemicals: challenges 
and strategies for clinical translation. Phytomedicine. 2025;145:157090. [DOI] [PubMed]

127.     

Aqil F, Munagala R, Jeyabalan J, Vadhanam MV. Bioavailability of phytochemicals and its 
enhancement by drug delivery systems. Cancer Lett. 2013;334:133–41. [DOI] [PubMed] [PMC]

128.     

Yu D, Park J, Kim T, Choi C, Yuk SA, Kim H. Nanotechnology-Enabled Delivery of Phytochemicals: 
From Formulation Strategies to Therapeutic Translation. J Phytomed. 2026;1:4. [DOI]

129.     

Omidian H, Chowdhury SD, Wilson RL. Advancements and Challenges in Hydrogel Engineering for 
Regenerative Medicine. Gels. 2024;10:238. [DOI] [PubMed] [PMC]

130.     

Xu F, Dawson C, Lamb M, Mueller E, Stefanek E, Akbari M, et al. Hydrogels for Tissue Engineering: 
Addressing Key Design Needs Toward Clinical Translation. Front Bioeng Biotechnol. 2022;10:
849831. [DOI] [PubMed] [PMC]

131.     

Grounds MD. Obstacles and challenges for tissue engineering and regenerative medicine: Australian 
nuances. Clin Exp Pharmacol Physiol. 2018;45:390–400. [DOI] [PubMed]

132.     

https://dx.doi.org/10.1016/j.ijscr.2024.110041
http://www.ncbi.nlm.nih.gov/pubmed/39032350
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11314859
https://dx.doi.org/10.1111/wrr.70164
http://www.ncbi.nlm.nih.gov/pubmed/42065608
https://dx.doi.org/10.3389/fpubh.2023.1271706
http://www.ncbi.nlm.nih.gov/pubmed/38146472
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10749485
https://dx.doi.org/10.2147/dddt.s557827
http://www.ncbi.nlm.nih.gov/pubmed/41321668
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12664319
https://dx.doi.org/10.20517/jca.2022.10
http://www.ncbi.nlm.nih.gov/pubmed/35497093
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9052957
https://dx.doi.org/10.14573/altex.2013.3.275
http://www.ncbi.nlm.nih.gov/pubmed/23861075
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3790571
https://dx.doi.org/10.4103/ijp.ijp_223_23
http://www.ncbi.nlm.nih.gov/pubmed/37313932
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10335642
https://dx.doi.org/10.1016/j.expneurol.2015.02.024
http://www.ncbi.nlm.nih.gov/pubmed/25725352
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4466166
https://dx.doi.org/10.3389/fnbeh.2022.869511
http://www.ncbi.nlm.nih.gov/pubmed/35530730
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9070052
https://dx.doi.org/10.3390/ijms252313121
http://www.ncbi.nlm.nih.gov/pubmed/39684832
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11642056
https://www.drugdiscoverytrends.com/moving-beyond-the-binary-how-the-convergence-of-small-and-large-molecules-is-reshaping-pharmaceutical-rd/
https://www.drugdiscoverytrends.com/moving-beyond-the-binary-how-the-convergence-of-small-and-large-molecules-is-reshaping-pharmaceutical-rd/
https://dx.doi.org/10.1016/j.apsb.2022.02.002
http://www.ncbi.nlm.nih.gov/pubmed/35865092
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9293739
https://dx.doi.org/10.1021/acsptsci.5c00162
http://www.ncbi.nlm.nih.gov/pubmed/40567279
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12186754
https://dx.doi.org/10.1016/j.phymed.2025.157090
http://www.ncbi.nlm.nih.gov/pubmed/40716124
https://dx.doi.org/10.1016/j.canlet.2013.02.032
http://www.ncbi.nlm.nih.gov/pubmed/23435377
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3815990
https://dx.doi.org/10.3390/jphytomed1010004
https://dx.doi.org/10.3390/gels10040238
http://www.ncbi.nlm.nih.gov/pubmed/38667657
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11049258
https://dx.doi.org/10.3389/fbioe.2022.849831
http://www.ncbi.nlm.nih.gov/pubmed/35600900
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9119391
https://dx.doi.org/10.1111/1440-1681.12899
http://www.ncbi.nlm.nih.gov/pubmed/29193254


Explor Immunol. 2026;6:1003269 | https://doi.org/10.37349/ei.2026.1003269 Page 27

Pacelli S, Basu S, Whitlow J, Chakravarti A, Acosta F, Varshney A, et al. Strategies to develop 
endogenous stem cell-recruiting bioactive materials for tissue repair and regeneration. Adv Drug 
Deliv Rev. 2017;120:50–70. [DOI] [PubMed] [PMC]

133.     

Chen S, Zhang L, Ren Y, Bai X, Wei X, Chai M, et al. Clinical translational research on stem cell 
products: prospects and challenges. Signal Transduct Target Ther. 2026;11:178. [DOI] [PubMed] 
[PMC]

134.     

Farjaminejad R, Farjaminejad S, Garcia-Godoy F, Marya A, Nucci L, Jamilian A. Advances and 
Challenges in Tissue Engineering: Biomaterials, Cellular Strategies, and Clinical Applications. J Funct 
Biomater. 2026;17:184. [DOI] [PubMed] [PMC]

135.     

Tripathi D, Pandey P, Sharma S, Rai AK, Prabhu B H M. Advances in nanomaterials for precision drug 
delivery: Insights into pharmacokinetics and toxicity. BioImpacts. 2025;15:30573. [DOI] [PubMed] 
[PMC]

136.     

Zheng C, Li M, Ding J. Challenges and Opportunities of Nanomedicines in Clinical Translation. BIO 
Integr. 2021;2:57–60. [DOI]

137.     

Hu C, He X, Gao H, Zhang J. DELIVER: The core principles for the clinic translation of nanomedicines. 
Acta Pharm Sin B. 2025;15:1196–8. [DOI] [PubMed] [PMC]

138.     

Đorđević S, Gonzalez MM, Conejos-Sánchez I, Carreira B, Pozzi S, Acúrcio RC, et al. Current hurdles to 
the translation of nanomedicines from bench to the clinic. Drug Deliv Transl Res. 20212;12:500–25. 
[DOI] [PubMed] [PMC]

139.     

Yash, Dharmani B, Kaur R, Choudhary D, Bhatia R, Kumar A, et al. Challenges in translating 
nanotechnology from research to clinical practice. Adv Cancer Res. 2026;169:235–57. [DOI] 
[PubMed]

140.     

Chen YF, Luh F, Ho YS, Yen Y. Exosomes: a review of biologic function, diagnostic and targeted 
therapy applications, and clinical trials. J Biomed Sci. 2024;31:67. [DOI] [PubMed] [PMC]

141.     

Palakurthi SS, Shah B, Kapre S, Charbe N, Immanuel S, Pasham S, et al. A comprehensive review of 
challenges and advances in exosome-based drug delivery systems. Nanoscale Adv. 2024;6:5803–26. 
[DOI] [PubMed] [PMC]

142.     

Tzng E, Bayardo N, Yang PC. Current challenges surrounding exosome treatments. Extracell Vesicle. 
2023;2:100023. [DOI] [PubMed] [PMC]

143.     

Ge X, Shan S, Lu H, Wang W, Gao C, Fu S. Strategies, Challenges and Application Prospects for 
Exosome Engineering Modifications in Tumor Targeted Therapeutics. Int J Nanomedicine. 2026;21:
572435. [DOI] [PubMed] [PMC]

144.     

Soltanmohammadi F, Maghsoodi M, Alizadeh E, Adibkia K, Azarmi Y, Mahmoudi Gharehbaba A, et al. 
Bio fluid exosomes: promises, challenges, and future directions in translational medicine. J Transl 
Med. 2025;23:993. [DOI] [PubMed] [PMC]

145.     

Chen YS, Lin EY, Chiou TW, Harn HJ. Exosomes in clinical trial and their production in compliance 
with good manufacturing practice. Tzu Chi Med J. 2020;32:113–20. [DOI] [PubMed] [PMC]

146.     

Drude NI, Martinez Gamboa L, Danziger M, Dirnagl U, Toelch U. Improving preclinical studies 
through replications. eLife. 2021;10:e62101. [DOI] [PubMed] [PMC]

147.     

Khalil AS, Jaenisch R, Mooney DJ. Engineered tissues and strategies to overcome challenges in drug 
development. Adv Drug Deliv Rev. 2020;158:116–39. [DOI] [PubMed] [PMC]

148.     

https://dx.doi.org/10.1016/j.addr.2017.07.011
http://www.ncbi.nlm.nih.gov/pubmed/28734899
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5705585
https://dx.doi.org/10.1038/s41392-026-02582-y
http://www.ncbi.nlm.nih.gov/pubmed/42135300
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC13176351
https://dx.doi.org/10.3390/jfb17040184
http://www.ncbi.nlm.nih.gov/pubmed/42042291
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC13118247
https://dx.doi.org/10.34172/bi.30573
http://www.ncbi.nlm.nih.gov/pubmed/40256227
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12008503
https://dx.doi.org/10.15212/bioi-2021-0016
https://dx.doi.org/10.1016/j.apsb.2025.01.014
http://www.ncbi.nlm.nih.gov/pubmed/40177551
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11959886
https://dx.doi.org/10.1007/s13346-021-01024-2
http://www.ncbi.nlm.nih.gov/pubmed/34302274
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8300981
https://dx.doi.org/10.1016/bs.acr.2026.01.002
http://www.ncbi.nlm.nih.gov/pubmed/42067309
https://dx.doi.org/10.1186/s12929-024-01055-0
http://www.ncbi.nlm.nih.gov/pubmed/38992695
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11238361
https://dx.doi.org/10.1039/d4na00501e
http://www.ncbi.nlm.nih.gov/pubmed/39484149
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11523810
https://dx.doi.org/10.1016/j.vesic.2023.100023
http://www.ncbi.nlm.nih.gov/pubmed/40027080
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11870656
https://dx.doi.org/10.2147/ijn.s572435
http://www.ncbi.nlm.nih.gov/pubmed/41878127
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC13007973
https://dx.doi.org/10.1186/s12967-025-06886-5
http://www.ncbi.nlm.nih.gov/pubmed/40988065
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12459069
https://dx.doi.org/10.4103/tcmj.tcmj_182_19
http://www.ncbi.nlm.nih.gov/pubmed/32269942
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7137364
https://dx.doi.org/10.7554/elife.62101
http://www.ncbi.nlm.nih.gov/pubmed/33432925
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7817176
https://dx.doi.org/10.1016/j.addr.2020.09.012
http://www.ncbi.nlm.nih.gov/pubmed/32987094
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7518978

	Abstract
	Keywords
	Introduction
	Methodology
	Immune response during normal wound healing
	Altered immune response in DFUs
	Inflammation
	Matrix remodeling
	Matrix metalloproteinases
	Angiogenesis
	AGE-RAGE axis
	Biofilm formation

	Immunomodulation and therapeutics
	Targeting macrophage polarization
	Evidence from animal models
	Evidence from human studies

	Inflammatory cytokines
	Matrix metalloproteinases
	AGE-RAGE axis
	Oxidative stress
	Biofilms
	Clinical relevance

	Limitations of immunomodulation therapeutics
	Transitional issues of preclinical studies
	Small molecules and natural compounds
	Scaffolds, tissue engineering, and nanoparticles
	Exosomes

	Future directions
	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

