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Abstract: Diabetic foot ulcer (DFU) is a severe and preva-
lent complication of diabetes mellitus, posing substantial
risks to patient health and increasing healthcare burdens
globally. These chronic wounds often result from a com-
plex interplay of factors, including neuropathy, ischemia,
infection, immune dysregulation, and vascular dysfunc-
tion, leading to significant morbidity and, in severe cases,
amputation. Effective management of DFUs necessitates a
comprehensive understanding of their risk factors and
prognostic indicators. This review provides an in-depth
examination of the various risk factors and prognostic mar-
kers associated with DFUs, integrating insights from cellular
mechanisms, emerging biomarkers, omics-hased research,
serological studies, and clinical assessments. We explore the
underlying biological processes, such as the impact of chronic
hyperglycemia, oxidative stress, inflammation, impaired
angiogenesis, and the role of the microbiome in DFU devel-
opment. The role of serological markers, including inflamma-
tory and glycemic indicators, in predicting DFU risk and
progression is discussed. Additionally, clinical markers and
advanced assessment tools, such as ulcer grading systems and
imaging technologies, used to evaluate DFU severity and
healing are reviewed. By synthesizing these diverse perspec-
tives, this review aims to offer a holistic view of DFU manage-
ment, highlighting how understanding the interplay of risk
factors and prognostic markers can lead to improved prevention
strategies and personalized therapeutic interventions.
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1 Introduction

Diabetic foot ulcers (DFUs) are a severe and prevalent com-
plication of diabetes mellitus, affecting approximately
15-25% of individuals with diabetes at some point in their
lives [1]. These chronic wounds are often the result of a
complex interplay of factors, including peripheral neuro-
pathy, impaired blood flow, immune dysregulation,
repeated trauma, and microbial imbalance, leading to sig-
nificant patient morbidity and increased healthcare costs.
DFUs are associated with a high risk of infection, which can
lead to limb amputation if not managed appropriately [2].

The clinical importance of DFUs extends beyond the
immediate health consequences, as they contribute to pro-
longed hospital stays, frequent surgical interventions, and
substantial healthcare expenditures [3,4]. Additionally,
DFUs can severely impact patients’ quality of life by lim-
iting mobility and increasing the risk of psychological dis-
tress. Psychological comorbidities such as depression and
anxiety are commonly reported and may negatively influ-
ence treatment adherence and wound outcomes. Given
these challenges, there is an urgent need for a better
understanding of the factors that contribute to the devel-
opment and progression of DFUs, as well as the indicators
that can predict their outcomes [5].

Research into the risk factors and prognostic markers
for DFUs is crucial for advancing prevention and treatment
strategies. Key risk factors include inadequate glycemic
control, which accelerates the formation of advanced gly-
cation end-products (AGEs) and exacerbates oxidative
stress; peripheral neuropathy, which impairs sensory per-
ception and increases the risk of unnoticed injuries; and
peripheral vascular disease, which compromises blood
flow and impedes wound healing [6-8]. Additionally,
inflammatory responses play a significant role in the
pathogenesis of DFUs, with elevated levels of pro-inflam-
matory cytokines being associated with poor wulcer
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outcomes. In addition, impaired angiogenesis and endothe-
lial dysfunction, chronic inflammation mediated by
immune cells such as macrophages, and elevated oxidative
stress biomarkers (8-hydroxy-2-deoxyguanosine [8-OHdG],
malondialdehyde [MDA]) have been increasingly recog-
nized as central contributors to DFU pathogenesis.

Serological markers such as C-reactive protein (CRP) and
glycated hemoglobin (HbAlc) provide valuable information
about systemic inflammation and long-term glycemic control,
respectively [9-11]. Emerging biomarkers, including micro-
RNAs and cytokine panels, show potential for improving prog-
nostic accuracy. Clinical assessment tools, including ulcer
grading systems, pressure mapping, and advanced imaging
modalities such as optical coherence tomography and hyper-
spectral imaging, help evaluate the severity of DFUs and guide
treatment decisions. Furthermore, omics-based approaches —
especially transcriptomics, proteomics, and single-cell analyses
— are offering new insights into cellular heterogeneity and
disease mechanisms.

This review aims to provide a comprehensive analysis of
the risk factors and prognostic indicators associated with
DFUs. By integrating insights into the underlying mechan-
isms, serological profiles, and clinical evaluation techniques,
the review seeks to offer a detailed perspective on how these
factors contribute to DFU development and progression.
Ultimately, this approach will support the development of
targeted interventions and personalized treatment strategies
to improve patient outcomes and reduce the burden of DFUs.

2 Mechanisms of DFU

DFUs are a multifaceted complication of diabetes mellitus,
arising from a combination of metabolic, vascular, immu-
nological, and microbiological disruptions that collectively
impair normal cellular and tissue functions. A thorough
understanding of these mechanisms is crucial for effective
prevention, diagnosis, and personalized treatment [12].
One of the primary contributors to DFU development is
chronic hyperglycemia, which significantly impacts cellular
function [12,13]. The persistent high blood glucose levels lead
to the formation of AGEs. These AGEs result from the non-
enzymatic reaction between glucose and proteins, lipids, or
nucleic acids [14]. AGE accumulation impairs the extracellular
matrix (ECM), activates the receptor for AGEs (RAGE)
pathway and triggers inflammation and oxidative stress, all
of which exacerbate tissue injury and delay healing [15].
Oxidative stress is another critical factor in the patho-
genesis of DFUs. Chronic hyperglycemia increases the pro-
duction of reactive oxygen species (ROS), which cause
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cellular damage through the oxidation of lipids, proteins,
and DNA. This oxidative damage impairs cellular function
and triggers inflammatory responses that further compli-
cate wound healing [16]. Oxidative stress biomarkers such
as 8-OHdG and MDA have been identified in DFU tissues
and are being explored for clinical relevance.

Inflammation plays a significant role in DFU develop-
ment and progression. Elevated levels of inflammatory
mediators such as tumor necrosis factor-alpha (TNF-a),
interleukin-1 beta (IL-1B), and interleukin-6 (IL-6) are com-
monly observed in DFU wounds [17,18]. These cytokines
perpetuate a chronic inflammatory state, which impairs
tissue repair by promoting the breakdown of ECM compo-
nents and hindering normal wound healing processes.
Macrophage polarization imbalance (M1 over M2) and
impaired neutrophil clearance are now recognized as hall-
marks of delayed healing in DFU.

Several interrelated signaling pathways are dysregu-
lated in DFUs, contributing to impaired healing through
chronic inflammation, oxidative stress, and tissue remo-
deling defects. The nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) pathway is a central
mediator of sustained inflammation in DFU wounds.
Hyperglycemia, AGE-RAGE interaction, and ROS can acti-
vate the NF-xB complex, which translocates to the nucleus
and induces the expression of pro-inflammatory genes,
including TNF-q, IL-6, and MMP-9. Persistent NF-xB activa-
tion prevents resolution of inflammation and disrupts
normal wound healing [19].

The transforming growth factor-beta (TGF-B/Smad) sig-
naling pathway plays a critical role in tissue repair by
promoting fibroblast proliferation, ECM production, and
re-epithelialization. In DFU, TGF-B signaling is often sup-
pressed or dysregulated, leading to reduced collagen I and
IIT synthesis and impaired granulation tissue formation.
Moreover, crosstalk between TGF-B and inflammatory
pathways further complicates wound resolution [20].

Vascular impairment is closely associated with defects
in the VEGF/PI3K-Akt pathway, which normally promotes
endothelial cell survival, proliferation, and angiogenesis.
In diabetic conditions, VEGF signaling is attenuated or
uncoordinated, impairing neovascularization and oxygen
delivery to ischemic tissue [21].

Excessive matrix metalloproteinase-9 (MMP-9) expres-
sion, often induced by TNF-a and NF-xB signaling, degrades
ECM components such as collagen and laminin, disrupting
the structural scaffold required for cell migration and wound
closure. The imbalance between MMP-9 and its inhibitor
TIMP-1 (tissue inhibitor of metalloproteinases) exacerbates
ECM degradation. The Nrf2 pathway, which orchestrates the
cellular antioxidant response, is often suppressed in DFU.
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Nrf2 regulates genes encoding antioxidant enzymes such as
HO-1 and NQOL1. Its reduced activity in diabetic tissues leads
to elevated oxidative stress, contributing to cellular injury
and chronic inflammation.

Changes in the ECM also contribute to the pathophy-
siology of DFUs. Diabetes alters the ECM’s structural and
functional properties by disrupting the balance between
matrix degradation and synthesis [22]. The impaired ECM
remodeling results in a dysfunctional matrix that is less
effective in supporting wound healing. Changes in ECM
components, such as collagen and glycosaminoglycans,
contribute to the chronic nature of DFUs and delay healing.

Neuropathy, a common complication of diabetes,
further complicates DFU development. Diabetes adversely
affects the production and function of neurotrophic factors
essential for nerve growth and repair [23]. Reduced levels
of these factors impair nerve regeneration and contribute
to peripheral neuropathy, which diminishes sensory feed-
back. Consequently, patients with diabetic neuropathy are
less likely to detect and respond to injuries, increasing the
risk of ulceration. Additionally, neuronal apoptosis, or pro-
grammed cell death, plays a role in diabetic neuropathy
[24,25]. The increased loss of sensory nerves due to apop-
tosis reduces the ability to sense potential injuries or pres-
sure on the feet. This decreased sensory perception leads to
delayed detection of wounds and further promotes the
development and persistence of DFUs.

Recent advances in multi-omics technologies, including
transcriptomics, proteomics, metabolomics, and single-cell
RNA sequencing (RNA-seq), are uncovering new regulatory
networks and cell-specific responses. For example,
microRNAs such as miR-21 and miR-146a have been shown
to modulate inflammation and angiogenesis in DFU contexts.
Epigenetic modifications, including DNA methylation and his-
tone acetylation, are also being explored as potential thera-
peutic targets.

Table 1: Different mechanisms and their impacts on DFUs

Risk factors and prognosis in diabetic foot ulcers = 3

To facilitate clinical translation, it is essential to distin-
guish biomarkers that are clinically validated from those
still in early-stage research. While markers like HbAlc,
CRP, and MMP-9 have established roles in assessing DFU
severity and prognosis, others, such as exosomal
microRNAs or single-cell-derived gene signatures, require
further validation.

In summary, the pathophysiology of DFUs involves a
complex network of metabolic dysregulation, oxidative
stress, chronic inflammation, vascular and neural impair-
ment, immune dysfunction, and microbiome imbalance.
Table 1 summarizes the interconnected mechanisms and
their contributions to DFU progression.

3 Serological markers

Serological markers are crucial for assessing disease
severity, predicting prognosis, and guiding treatment deci-
sions, helping to optimize patient management and
improve clinical outcomes. Serological markers are valu-
able tools for assessing the risk, prognosis, and manage-
ment of DFUs. These markers provide insights into the
systemic conditions that influence ulcer development and
healing [29].

Inflammatory markers are critical in assessing the
inflammatory status associated with DFUs, and their role
in disease progression is well established. CRP is a widely
used inflammatory marker that increases in response to
acute and chronic inflammation. In DFU patients, elevated
CRP levels often correlate with the severity of inflamma-
tion and can indicate poor wound healing outcomes.
Monitoring CRP levels helps clinicians gauge the inflamma-
tory response and adjust treatment strategies accordingly
[30]. Another important inflammatory marker is the

Possible mechanism  Description Impact on DFUs Reference
Chronic hyperglycemia  Formation of AGEs Damages ECM, impairs tissue repair, exacerbates [26]
inflammation
Oxidative stress Increased production of ROS Cellular damage, triggers inflammation, worsens [27]
healing
Chronic inflammation  Elevated inflammatory mediators (TNF-a, IL-1B, ECM breakdown, impairs tissue repair, hinders [15]
1L-6) healing
ECM changes Disruption in ECM degradation and synthesis Dysfunctional matrix, delays healing [28]
Neuropathy Reduced neurotrophic factors, impaired nerve Diminished sensory feedback, increased ulcer risk [14]
regeneration
Neuronal apoptosis Increased programmed cell death in sensory Reduced injury detection, promotes DFU [6]

nerves

development




4 — Jixue Wang et al.

erythrocyte sedimentation rate (ESR), which serves as an
indicator of chronic inflammation [31]. Elevated ESR levels
reflect ongoing inflammatory processes and provide valu-
able information regarding the inflammatory burden in
DFU patients.

Glycemic markers are integral in understanding the
relationship between blood glucose control and DFU risk.
HbAlc is a key marker for long-term glycemic control,
reflecting average blood glucose levels over the past 2-3
months. High HbAlc levels are associated with an
increased risk of DFU development and poor healing out-
comes [29,32]. Effective glycemic management plays a cri-
tical role in reducing the risk of DFUs and promoting
wound healing, as poorly controlled blood glucose impairs
immune function and tissue repair mechanisms. Addition-
ally, acute fluctuations in blood glucose levels can signifi-
cantly exacerbate tissue damage and delay healing, making
blood glucose monitoring a critical component of DFU
management.

Other serum markers provide further insights into the
metabolic and nutritional status of DFU patients. Markers
of insulin resistance, such as the Homeostasis Model
Assessment of Insulin Resistance (HOMA-IR), are key in
evaluating insulin resistance, a common condition in dia-
betic patients [33,34]. Elevated HOMA-IR levels are linked
to an increased risk of DFUs and can help predict ulcer
development. Furthermore, vitamin D deficiency has
been implicated in both impaired immune function and
poor wound healing in DFU patients. Assessing vitamin D
levels can provide additional information on the nutri-
tional status and overall health of DFU patients, aiding in
the development of more effective treatment plans [35,36].

4 Omics markers

Omics technologies offer a comprehensive approach to
understanding the molecular and cellular changes
involved in DFUs. These technologies analyze large-scale
datasets of genes, proteins, and metabolites, providing
insights into the complex biological processes underlying
DFU pathogenesis [37].

Genomic studies are essential in investigating the role
of genetic variations and mutations in DFU risk. By
employing genome-wide association studies, researchers
have identified several genetic loci associated with dia-
betes and its complications, including DFUs. These genetic
variations can influence susceptibility to DFUs by affecting
critical processes such as inflammation, oxidative stress,
and ECM remodeling. Identifying these genetic factors
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not only aids in pinpointing individuals at higher risk
but also contributes to the development of more precise,
personalized prevention strategies [38].

Transcriptomics, which examines gene expression
profiles, provides critical insights into the molecular
response to DFUs. Techniques like RNA-seq allow for the
simultaneous analysis of thousands of genes. Changes in
gene expression related to DFUs often reveal alterations in
pathways involved in inflammation, wound healing, and
cellular stress. For example, increased expression of
inflammatory cytokines and decreased expression of
wound-healing genes have been commonly observed in
DFU tissues. These data can help identify potential thera-
peutic targets and biomarkers for managing DFUs [39].

Proteomics provides a detailed analysis of the entire
set of proteins expressed in cells, tissues, or organisms,
offering deeper insights into the molecular underpinnings
of DFU pathogenesis. Mass spectrometry-based proteomics
enables the identification and quantification of proteins
involved in DFU progression. Proteomic analyses have
highlighted several proteins linked to inflammation, oxida-
tive stress, and ECM remodeling. For example, changes in
levels of MMPs and TIMPs have been associated with
impaired ECM remodeling and delayed wound healing.
Proteomics helps uncover biomarkers reflecting disease
processes and guides the development of targeted thera-
pies [40].

Metabolomics involves analyzing the complete set of
metabolites — small molecules involved in metabolic pro-
cesses [28]. Profiling metabolites in DFU patients can reveal
alterations in metabolic pathways related to glucose meta-
bolism, oxidative stress, and inflammation. Techniques like
mass spectrometry and nuclear magnetic resonance spec-
troscopy are used to identify and quantify these metabo-
lites. Observations of changes in metabolites related to
oxidative stress or glycation in DFU patients offer insights
into disease mechanisms and help identify novel biomar-
kers for diagnosis and prognosis.

Lipidomics, the study of lipid profiles, also plays a
crucial role in understanding DFUs. Changes in lipid com-
position and concentrations have been linked to inflamma-
tion and oxidative stress in DFUs [41,42]. By analyzing lipid
profiles, researchers can uncover specific lipid species
altered in DFUs, providing a deeper understanding of
lipid-related mechanisms that contribute to disease devel-
opment and progression.

Overall, omics technologies — encompassing genomics,
transcriptomics, proteomics, metabolomics, and lipidomics
— offer a powerful toolkit for exploring the molecular and
cellular changes associated with DFUs. These approaches
provide valuable insights into disease mechanisms,



Risk factors and prognosis in diabetic foot ulcers

DE GRUYTER

[o%] |eay 03 payadxa si 433jn ue AppInb moy s1s|ay Buyjeay o3 swiy
[91] ssalboud 24nso|d J3d|N saunsealy aes buyesy  sniels Buiieay punop
62 yuawdojanap 4[N Joj ¥SII 1B Seale SaLuIPI sjuswaJnseaw ainssaid Jejueld aJnssaud 1004
1] yadap pue AaAas 4a|n 1o} wisAs buipeo uonediyisse|d sexa] Jo Alsianiun
[ov] A1anas Jadn buipeb 1oy waishs uonediisse)d Jaubep uoneuIwexa 1004 siaydew [eand
[z¥] S92UBQJNISIP J1[0gRIBW Y)M P3IRIDOSSY spidijobuiyds ‘sapiwesa) :spidi| d1joqeIs|y
[sA SS3S SANEPIXO pue UoIeWWeUl 03 PaYyUI] 313H-G ‘poe duopiydely :spidi| Aloyewwepyul sojwopidr
[sd abewep aAnepixo 13|43y VAN ‘DPHO-8 :S91|0qeI3W $59.11S dA1RPIXO
[z S$S2J1S DAIIEPIXO pue Wsijogelaw 3s0dn|b jo sioyedipul D@-€ ‘@UIWLS01INJH :S3)I|0CRIBW 3S0IN|DH SJlwojogeIs N
L-dINIL
[6€] sabueyd WI3 ut panjoaur Z-dININ “6-dININ :suiaroad Bujapowal N3
[€] Buijeay punom pue uopeWWE|UI Y)M PIRIDOSSY 9-1I ‘d1L-11 “P-4NL :sutroid Aiojewwepyug $1W0210.d
[S1] sanssi} N4 Ul uoissaidxa paseasnaq 1-dINLL ‘6-dININ ‘4D3A :sauab buijeay punop
[e7] sanssi} N4@ Ul uoissaidxa paseasnu] 4171 “ANL ‘911 :saunjoifd Aiorewwepyug saiwoldudsuel|
v SN4Q Ul uonewweul duaNjU] 4171 4NL ‘971 :seusb Aiorewwejug
[z1] Aupgndaisns N4@ pue salagelp YHm paleidosse Sauan LLINDY ‘O¥Vdd ‘21/4D1 :SiuelieA d11ausn SJIWOUID siavjiewW SIIWQ
[1g] Buijeay punom pue uonduny aunwwi Jood yim pajeosse LHuspiaq Q ulweyp Jew |euontianN
62 ¥SI N4Q 03 PaYyUI| S|9AS| PRILAJ|D ‘9IURISISA UlINSUl S33en|eA] YI-VINOH 9IURISISJ UlNSU]
vl Buijeay pue ysu n4@ 3pedwi suonendN)y ANdY s|aA3| 9s0an|b poojg
[9p]  ¥SH N4Q Pasealoul yim pajeosse s|aAd| ybiy :1043uod asodn|b poojq wusi-buo| s13)40y JLYIH sJayew d1wad|n
[st] uapJing Alojewiwejul [|eJano pue uofeWWelUl JUOIYD S1IDDY ys3
SaWw02IN0
[£1] Buijeay Jood pue A11aA3S N4Q YIM 31e[3110D S|9AS| PRILAS|D ‘UOIIRWIWE]JUl S3IedIPU] 4D sievjew Aiojewwepul  sisylew [e2160jolas
ERIIESETEN] uondusag siayjdew Ji3133ds adfy saxpiep fiobhaze)

[e21UI]D puUe ‘SIIWO ‘|e3160]043S :SN4Q 104 SIANIBW JO MIIAIBAQ T d|qeL



6 —— Jixue Wang et al.

identify potential biomarkers, and hold significant poten-
tial for the development of personalized prevention and
treatment strategies.

5 Clinical markers and assessment
indicators

In the management of DFUs, clinical markers and assess-
ment indicators play a crucial role in evaluating the con-
dition and guiding treatment [43]. Foot examination and
scoring systems are essential for assessing DFUs. Various
ulcer grading systems, such as the Wagner classification
and the University of Texas system, provide a structured
approach to evaluate the severity of foot ulcers [44]. These
systems help standardize the assessment and guide treat-
ment decisions. Additionally, foot pressure assessments
measure plantar pressure to identify areas at risk of

E,,

Wagner Grade
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developing ulcers, aiding in preventive care and reducing
ulcer incidence.

The status of wound healing is another critical aspect
of DFU management. Key indicators include the healing
rate, which measures the progress of ulcer closure over
time, and the time to healing, which is a crucial clinical
parameter reflecting how quickly an ulcer is expected to
heal. Monitoring these factors helps in evaluating treat-
ment efficacy and predicting patient outcomes. Table 2
provides a comprehensive summary of serological, omics,
and clinical markers used to assess, manage, and under-
stand DFUs Figure 1.

The interactions between TGF-B, MMP-9, VEGF, IL-6,
NF-kB, and CRP play crucial roles in the pathogenesis
and healing process of DFUs. TGF-p promotes collagen
synthesis during wound healing, while MMP-9 regulates
ECM degradation. VEGF enhances angiogenesis to improve
local blood flow, IL-6 modulates the inflammatory
response, and NF-kB influences immune responses by

ma/dL
Wl
‘o

HbAlc

Healing Rate HOMA-IR
Amputation Risk Ceramides
\\,,,/ ‘
Diabetic Foot
Ulcers
TGF-pY

Figure 1: Core pathogenic axis of DFUs.

NF-xB
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regulating the expression of inflammatory mediators. CRP,
as an acute-phase reactant, reflects systemic changes in the
inflammatory state, and these molecules are closely
involved in the pathology of DFUs.

6 Discussion

DFUs present a complex challenge in diabetes manage-
ment, with their development and progression influenced
by a range of interrelated factors. [45]. The mechanisms
underlying DFUs reveal the profound impact of chronic
hyperglycemia, which leads to the formation of AGEs.
These AGEs accumulate and cause damage to the ECM,
disrupting tissue repair and exacerbating inflammation.
Concurrently, oxidative stress, characterized by increased
production of ROS, further contributes to cellular damage
and impairs the wound healing process [48,49]. This com-
bination of AGEs and oxidative stress creates a detrimental
environment for wound healing, highlighting the critical
need for effective glycemic control and potential antioxi-
dant therapies to manage DFUs [47].

For the mechanism of DFU, multiple interrelated fac-
tors contribute to its onset and delayed healing, including
metabolic dysfunction, neuropathy, vascular impairment,
chronic inflammation, and dysregulated molecular sig-
naling. Persistent hyperglycemia leads to the formation
of AGEs, oxidative stress, and impaired cellular repair,
while diabetic neuropathy causes sensory loss, motor dys-
function, and autonomic disturbances, increasing the risk
of unnoticed injuries and skin breakdown. Concurrently,
both macrovascular and microvascular complications
result in tissue ischemia and hinder the delivery of oxygen,
nutrients, and immune cells. Chronic inflammation,
marked by elevated IL-6, TNF-a, CRP, and sustained NF-
KB activation, impairs normal wound resolution. Key mole-
cular players such as TGF-B, MMP-9, VEGF, and CRP are
involved in ECM remodeling, angiogenesis, and immune
regulation but are often dysregulated in the diabetic envir-
onment. The wound microenvironment — characterized by
hypoxia, high glucose levels, and bacterial biofilms —
further disrupts the healing cascade, prolonging the
inflammatory phase and impairing tissue regeneration.
These complex mechanisms collectively underlie the
pathogenesis and therapeutic challenges of DFUs [50].

Peripheral neuropathy complicates DFU management by
reducing sensory feedback, making it difficult for patients to
detect and respond to injuries. Diabetes-induced damage to
neurotrophic factors and increased neuronal apoptosis result
in diminished sensory perception. This diminished sensory
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feedback increases the risk of ulceration and highlights the
need for interventions aimed at nerve protection and regen-
eration. Addressing neuropathy can aid in early injury detec-
tion and potentially prevent the development of DFUs [26,51].

Infection and trauma play central roles in the patho-
genesis and progression of DFUs [52]. Peripheral neuro-
pathy, a common complication of diabetes, reduces
protective sensation and leads to repetitive microtrauma
from ill-fitting footwear or unnoticed injuries. Structural
deformities and limited joint mobility further exacerbate
pressure points on the plantar surface, fostering ulcer
formation. Once the protective skin barrier is breached,
bacterial colonization can quickly escalate to infection.
Infections not only impede wound healing through local
inflammation and biofilm formation but also contribute to
systemic complications. Severe infections can lead to cellu-
litis, abscess formation, and osteomyelitis, significantly
increasing the risk of lower limb amputation. A prompt,
accurate assessment of both trauma and infection is there-
fore essential to prevent adverse outcomes. Preventive
strategies, including patient education, routine foot care,
and appropriate footwear, are integral to reducing the
incidence and severity of DFU.

Serological markers provide valuable insights into the
systemic conditions affecting DFUs. Elevated CRP and ESR
are indicators of systemic inflammation and correlate with
DFU severity and healing outcomes [27]. Monitoring these
markers is essential for assessing the inflammatory burden
and adjusting treatment plans accordingly. Glycemic mar-
kers, such as HbAlc, reflect long-term blood glucose control
and are crucial in managing DFU risk. High HbAlc levels
are directly linked to an increased risk of DFUs and poor
healing outcomes, reinforcing the need for consistent gly-
cemic management. Additionally, acute fluctuations in
blood glucose can exacerbate ulcer development and
impair healing, further underlining the importance of
stable glucose control in DFU prevention and management.

A comprehensive evaluation of DFUs is crucial for
effective management and prognosis. Several clinical
scoring systems have been developed to standardize
assessment [53]. The Wagner classification remains widely
used, focusing primarily on ulcer depth and the presence
of gangrene or osteomyelitis. Complementing this, the Uni-
versity of Texas wound classification system incorporates
parameters such as infection and ischemia, offering a more
detailed stratification. The SINBAD system (Site, Ischemia,
Neuropathy, Bacterial infection, Area, and Depth) provides
a simplified yet informative approach suitable for
resource-limited settings. In addition to these clinical tools,
recent advancements in diagnostic imaging, such as ther-
mography, hyperspectral imaging, and MRI, enhance the
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detection of tissue damage and infection. Furthermore,
research into biochemical markers and molecular signa-
tures holds promise for early diagnosis and monitoring.
Together, these tools support clinicians in making
informed decisions and tailoring treatment strategies.

Omics technologies have revolutionized our under-
standing of DFUs by providing comprehensive insights into
the molecular and cellular changes associated with the con-
dition [54]. Genomic studies have identified genetic variations
that influence susceptibility to DFUs, while transcriptomics
reveals changes in gene expression related to inflammation
and wound healing. Proteomics and metabolomics offer
deeper insights into the protein and metabolic profiles asso-
ciated with DFUs, uncovering biomarkers that reflect disease
processes and guide targeted therapies. These technologies
enable a more detailed understanding of DFU mechanisms
and support the development of personalized treatment stra-
tegies that are tailored to the individual patient [55].

Effective management of DFUs involves a multifaceted
strategy that targets both the underlying etiologies and the
ulcer itself [52]. The initial step typically includes meticu-
lous wound debridement to eliminate necrotic tissue,
which is essential for preparing the wound bed and pre-
venting infection. Infection control is also critical and may
require systemic or topical antibiotics, depending on the
severity and microbial profile. Pressure offloading, parti-
cularly using total contact casting, helps redistribute
weight and minimize mechanical stress on the affected
area. In parallel, maintaining strict glycemic control is fun-
damental to enhancing the body’s healing capacity. Beyond
these standard measures, adjunctive therapies are being
increasingly adopted to enhance outcomes. For instance,
recombinant growth factors such as platelet-derived
growth factor have been employed to stimulate tissue
regeneration. Stem cell therapies and bioengineered skin
substitutes offer additional regenerative potential, particu-
larly in chronic or non-healing ulcers. Moreover, hyper-
baric oxygen therapy has demonstrated effectiveness in
improving tissue oxygenation, especially in ischemic or
hypoxic wounds. Looking ahead, innovative treatments
such as gene therapy and nanotechnology-based drug
delivery systems are under active investigation. These
emerging approaches hold promise for more targeted
and efficient management of DFU. Ultimately, the most
effective treatment requires an individualized, evidence-
based plan tailored to the patient’s specific risk factors
and wound characteristics.

In summary, the interplay of hyperglycemia, inflam-
mation, oxidative stress, neuropathy, and serological mar-
kers shapes the development and progression of DFUs. A
multifaceted approach integrating insights from
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mechanistic studies, serological profiles, and omics tech-
nologies is essential for advancing both prevention and
treatment strategies. Understanding these factors in detail
can lead to improved prognostic accuracy and more effec-
tive management, ultimately enhancing patient outcomes
and reducing the burden of DFUs.
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