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Abstract

Introduction: Diabetes is associated with several debilitating complications, including the
development of diabetic foot ulcers (DFUs), which can have serious consequences. This study
emphasizes a multidisciplinary approach, providing a thorough overview of DFU pathogenesis
com and available treatments.

Methods: An extensive literature review, covering studies published between 2000 and 2023,
was conducted to gather data on DFU pathophysiology and treatments, including wound
dressings, photobiomodulation, off-loading devices, adjunct medicines, and stem cell therapy.
Results: DFUs are complicated due to infection, ischemia, and neuropathy. Sufficient wound
dressings maintain a moist environment, promoting autolytic debridement and facilitating
the healing process. Through cellular mechanisms, photobiomodulation therapy (PBM) was
observed to expedite the healing process. Additionally, off-loading devices were invented to
reduce ulcer pressure and promote healing. Adjunct therapies such as negative pressure wound
therapy and hyperbaric oxygen therapy were identified as valuable tools for enhancing healing
outcomes. Furthermore, autologous and allogeneic stem cell treatments exhibited the potential
for promoting tissue regeneration and expediting the healing process.

Conclusion: The complex pathophysiology of DFUs necessitates a multimodal treatment
approach. Essential components include PBM, wound dressings, off-loading devices, adjunct
treatments, and stem cell therapy.
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Introduction
Diabetes mellitus (DM) is a metabolic disorder

DM globally.* Vascular problems such as cardiovascular
disease, diabetic kidney disease, diabetic retinopathy, and

characterized by insufficient insulin production and high
blood glucose levels. One of the most prevalent illnesses
in the world is DM.' Type 1 diabetes (T1DM) requires
insulin injections due to autoimmune destruction
of insulin-producing cells. Type 2 diabetes (T2DM)
results from insufficient insulin production and reduced
insulin effectiveness (insulin resistance).? According to
the International Diabetes Federation (IDF), there are
more than 415 million diabetic patients in the world.
By 2040, this number is expected to rise to 642 million.?
In 2015, approximately 5.0 million patients died from

peripheral neuropathy are the major causes of morbidity
and mortality in diabetic patients.” Diabetic foot ulcers
(DFUs)are a major complication of diabetes, caused by
various factors such as peripheral neuropathy, peripheral
vascular disease, foot deformities, arterial insufficiency,
trauma, and inadequate resistance to infections.® In the
UK, the DFU is the most common cause of hospitalization
for diabetic patients, posing a significant health burden.
It is estimated that between 2%-3% of diabetic patients
currently have a foot ulcer, with a lifetime risk of up to
25%.”* DFU treatment constitutes nearly one-third of
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diabetes care costs, totaling $176 billion in 2012. Despite
this, 20% of patients’ DFUs remain unhealed after a
year, with a 40% recurrence rate.” The etiology of DFUs
is derived from a triad of arterial occlusive disease,
neuropathy, and trauma leading to infection.'® Peripheral
neuropathy affects 10.9%-32.7% of individuals with
diabetes in the United States,'"'? with key risk factors
including the duration of DM, severe hyperglycemia,
dyslipidemia, hypertension, smoking, and age. The
pathophysiology involves complex interactions in the
case of type 1 DM, insulin deficiency.”* Hyperglycemia
limits endothelial nitric oxide synthase production and
activation and induces the protein-sugar reaction called
the Maillard reaction linked to vascular change and
neuropathy.'* Motor neuropathy in diabetics affects foot
and leg muscles, altering biomechanics, coordination,
and proprioception. This leads to abnormal loading,
thickened skin, callus formation, and frequent ulcers
and hemorrhages.”>'* Minor foot injuries in diabetic
patients, often unnoticed due to sensory deficits, worsen
with motor neuropathy, leading to muscle atrophy and
various foot deformities such as Charcot arthropathy,
claw foot, pes cavus, and hallux valgus. Combined with
vascular and immune system issues, diabetic patients are
prone to ulceration, delayed healing, and infection.'”*®
Preventive care is a key for diabetic patients to avoid
DFUs. Treatments for DFUs include pharmaceutical
therapy, wound dressing, debridement, revascularization,
growth factors, and skin replacements, alongside glycemic
control.”” To enhance wound healing, a wide range of
new therapies are being examined. The goal of this article
was to review and discuss the current standard of care
and current DFU treatment recommendations. We also
examined the latest therapies for DFU.

Methods

An extensive review was conducted by using various
databases (MEDLINE, PubMed, EMBASE, Cochrane
Library, Web of Science, and Google Scholar) from 2000
to 2023. Specific terms related to therapies for foot ulcers
were used, including stem cell, stem cell therapy, stem cell
implantation, chorion/amnion, chorion/amnion therapy,
human umbilical cord therapy, photobiomodulation
therapy (PBM), low-level light therapy, laser therapy, and
laser level. Three independent authors reviewed titles and
abstracts, excluding irrelevant or duplicated articles, and
assessed full texts for eligibility. Non-English articles and
those involving non-human subjects were excluded. This
study used a comprehensive literature review approach to
assess the effectiveness of PBM and regenerative medicine
in managing DFUs. It focused on English-language
publications involving human participants from 2000
to 2023. Inclusion criteria comprised studies on DFUs
in humans, investigating PBM, wound dressings, off-
loading devices, adjunct medicines, and stem cell therapy.

Exclusion criteria included non-English publications,
studies on non-human subjects, and review articles.
A systematic search using predefined keywords and
Medical Subject Headings (MeSH) terms was followed
by the independent screening of titles, abstracts, and
full-text articles by two reviewers. Data extraction,
quality assessment, and result synthesis were conducted
rigorously to ensure a comprehensive and systematic
review process (Figure 1).

Results

Types of Treatments for Diabetic foot Ulcers

DFUs put a significant burden on governments. For
instance, in the United States, 14% to 20% of diabetic
patients undergo amputation operations, totaling over
six billion dollars annually. A multidisciplinary approach
involving specialties like nursing, endocrinology, plastic
surgery, vascular surgery, nutrition, and orthopedics has
been shown to reduce the DFU and amputation risk by
50% to 85%, lower costs, and improve patients’ quality
of life. 202!

Photobiomodulation

Photons, emitted as light, carry energy based on their
wavelength. It is shown that they can cause a biological
effect when they are absorbed by molecules of a tissue,
which are called chromophores. Each chromophore
reacts at a specific wavelength. For example, the
wavelengths that are mostly used for clinical purposes
are between 600 to 1064 nm (specifically between 690
nm and 860 nm) because of their penetration ability and
effectiveness into human cells.”> The process is called
PBM due to its photobiological and photochemical
effects, and it is not thermal as it was called low-level
laser therapy (LLLT) in the past.”*»** PBM is a safe, cost-
effective, noninvasive therapy for DFUs. Skin color
affects photon absorption. About 30% of light is reflected,
with the rest scattered, absorbed, or transmitted based
on the wavelength. Treatment efficacy relies on the
“optical window” where tissue-light interaction occurs,
with 600-700 nm wavelengths preferred for superficial
wounds and 780-950 nm for deeper wounds due to their
enhanced penetration.” A double-blind, randomized,
placebo-controlled study demonstrated that combined
660 and 890 nm LED phototherapy significantly
enhanced the healing of diabetic ulcers compared to
placebo. This indicates the potential for accelerating
tissue granulation and healing rates in challenging cases.**
There are many studies about the use of LLLT for DFUs.
Ebad etal® studied LLLT with 630 and 819 nm wavelengths
for treating diabetic peripheral neuropathy (DPN). They
found significant improvement in sensory function in
patients receiving LLLT, indicating its potential as a non-
invasive treatment for managing DPN symptoms. Also,
Kajagar et al* conducted a randomized controlled study
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Figure 1. Identification of Studies via Databases and Registers

assessing LLLT as an adjunct to conventional therapy
for DFUs. They found a notable difference in wound
contraction, with LLLT-treated ulcers showing a mean
percentage reduction of 40.24% compared to 11.87%
in the control group. In 2011, Kaviani et al conducted
a double-blind randomized clinical trial assessing the
efficacy of LLLT in chronic DFU healing acceleration.
By week four, the LLLT group exhibited significant ulcer
size reduction compared to placebo. By week 20, more
LLLT patients achieved complete healing, highlighting its
potential efficacy.” On the other hand, Sandoval Ortiz et al
conducted a randomized controlled trial comparing LLLT
and HVPC with standard wound care (SWC) for DFUs.
Despite adjunct therapies, no significant differences
were observed in healing rates, protective sensation,
nerve conduction studies, or quality of life. The study
highlights the necessity for larger-scale investigations and
additional care components to fully assess the potential
benefits of biophysical agents in managing diabetic
ulcers.”® Maiya et al* examined PBM therapy effects on
17 type 2 diabetic patients with peripheral neuropathy
and ischemic DFUs using scanning and a non-contact
probe. Healing progress was monitored weekly until
complete wound closure, alongside investigating the
impact of matrix metalloproteinases (MMPs) on wound
healing in diabetic patients. MMPs aid wound healing by
extracellular matrix (ECM) removal in the inflammatory
phase. PBM restores MMP balance, crucial for optimal

healing.® In 2020, Raizman and Gavish®' evaluated the
efficacy of a self-applied PBM device at home for treating
DEFUs in four cases, aiming to determine its effectiveness
while considering the benefits of PBM. This approach
could reduce the time and cost of clinic visits for laser
therapy. All patients experienced wound healing within
1 to 3 weeks without adverse effects and reported pain
reduction satisfaction. In 2021, Haze et al conducted
research on home PBM laser therapy for treating DFUs
in patients with significant co-morbidities. They found
that the wound size significantly decreased compared to
untreated individuals, with over 90% of wounds healing
in diabetic patients with serious co-morbidities using
PBM at home.*

Wound Dressings

There is no single specific dressing work for all DFUs
due to their variations. Dressings should provide a
moist environment to promote angiogenesis, autolytic
debridement, granulation, and epidermal cell migration.
They should also manage excessive wound exudates. An
ongoing study discusses numerous dressing varieties
for DFU treatment.” Various wound dressings, both
traditional and modern, exist with unique qualities and
underlying theories. They can be categorized as basic,
advanced, antimicrobial, and specialist types. However,
none has demonstrated clear superiority over others.*
Researchers have studied the efficacy of natural remedies
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like honey and aloe vera for DFUs. Their high osmolarity
promotes hygroscopic activity, improving lymphatic and
blood circulation, which aids in autolytic debridement by
enhancing protease activity.*

Forty years ago, animal experiments showed that
maintaining moist wounds accelerates healing compared
to allowing them to dry and scab. Moist environments aid
cell healing and promote autolytic debridement.”

Alginate Dressing

Alginate dressing, either sodium or calcium sea alginate,
absorbs wound exudate and can be mixed with collagen.
Upon contact with the wound, it forms a gel that can
be easily removed with the dressing or cleaned with
sterile saline. Alginate dressings are used for extremely
wet wounds to absorb excess moisture and prevent skin
impregnation, owing to their high hydrophilic nature.”

Hydrogel Dressing

Hydrogel dressing is made of a crosslinked insoluble
polymer containing up to 96% water. It absorbs wound
exudate or rehydrates a wound based on moisture levels.
It comes in beads, amorphous hydrogel, or flat sheets.*

Mepitel Films

Mepitel film is a new wound dressing combining a
polyurethane film with a Safetac wound contact layer,
supported by a paper frame for easy application. It is
designed for burns and skin injuries, providing delicate
skin protection. Compatible with gels and ointments, it
can be covered with fixation tapes.’

Protease-Modulating Matrix Dressings

Chronic  wounds result from an imbalance
between tissue deposition (induced by growth
factors) and tissue breakdown (mediated Dby

proteases), with a bias towards tissue breakdown.
PROMOGRAN deactivates key proteases found in fluid
from chronic wounds, restoring the balance between
tissue production and breakdown by reducing harmful
substances.”®

Honey Dressing

Honey has antibacterial properties against a wide range
of bacteria due to its Acidic pH, hyperosmolarity,
inhibins, antioxidants, hydrogen peroxide (H202), and
various enzymes. Studies have shown anti-pseudomonal
activity. The healing properties of honey are attributed
to improvements in epithelization, neoangiogenesis,
and collagen production, mediated by growth factors/
chemokines (VGEF, IL-6, IL-12, etc.) and signaling
pathways.*

Off-Loading Devices
DFUs result mainly from improper footwear, sudden

injuries, and neuropathy-induced pressure. Improper
shoes elevate foot pressure, reducing tissue perfusion,
while neuropathy causes sensory, autonomic, and motor
issues, leading to toe deformities and increased foot
pressure.”” The goal is to reduce vertical pressure, which
can be achieved through such methods as complete bed
rest, wheelchair use, or off-loading devices. Among these
methods, the off-loading device is more practical than
others are. In the following, we will discuss different types
of offloading devices.***

1. Felted-foam dressing (FFD): It is multilayer felted
foam in which the first layer applies at least 1 inch
beyond the edges of the ulcer and is fixed to the foot
with the second layer.”

2. Post-operation shoes: They are lightweight medical
shoes and can have a closed or opened toe with a
flat and rigid sole.* They can protect the foot and
pressure relief.”

3. Removable long-leg walking boots (RCW): Walking
braces, also known as removable knee-high devices,
support and immobilize the ankle joint and forefoot
for faster healing.**

4. Non-removable long-leg walking cast: It is a TCC,
which is a non-removable knee-high device. It
fully contacts the foot and is made of plaster or
fiberglass.*>48

Comparison of Different Types of Offloading Devices
Post-op shoes and FFDs do not lock the ankle joint
during push-off, causing shear stress and pressure on
the foot, leading to longer recovery times compared to
other offloading devices. Post-op shoes take an average
of 85 days to heal, while FFDs take 75 days. In contrast,
TCC and walking braces have shorter healing of 42 days
48. Despite limitations, many patients prefer FFDs and
post-op shoes for their affordability, comfort, and lower
fall risk compared to TCC and walking braces, especially
among the elderly.” Therefore, FFD and post-op shoes
are recommended in the guidelines.

Adjunct Treatment

A major concern in diabetic patients is chronic DFUs,

which can lead to upper limb infection and life-

threatening consequences. Clinicians often use adjunct

treatments alongside main therapy, selecting them based

on DFU classifications. Some of the classifications are:

e The Grading of Recommendation Assessment,
Development, and Evaluation

e International Working Group on Diabetic Foot

e  Classic Wagner

e  University of Texas Health Science Center in San
Antonio

e Infectious Disease Society of Americans.*

Hyperbaric Oxygen Therapy
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One of the adjunct treatments commonly used is
hyperbaric oxygen therapy (HBOT). In HBOT, the
patient is placed in a chamber where 100% oxygen is
diffused while the atmospheric pressure is increased.™

The latest clinical practice guideline recommends the
use of HBOT in specific types of diabetic patients with
DFUs:

e For patients with a lower DFU, it is suggested to
avoid HBOT.

e For high-risk DFU patients showing no signs of
recovery after 30 days, a combination of HBOT and
standard treatment is recommended to decrease the
risk of major amputation.

e For high-risk DFU patients who have undergone
surgical debridement of an infected foot, combining
acute postoperative HBOT with standard treatment
is suggested to reduce the risk of major amputation
and incomplete healing.*

The mechanisms of HBOT are unclear, but one theory
posits that it enhances healing by increasing oxygen
levels in damaged tissue. Normally, oxygen is supplied
by microvascular arteries *'**. Furthermore, HBOT has
bacteriostatic effects.™

Negative pressure wound therapy

Many studies support the use of negative pressure wound
therapy (NPWT), especially in postoperative diabetic
patients. NPWD devices apply varying levels of suction
to the wound to reduce local pressure.

NPWT’s Mechanism of Action

a. Macro-deformation: The NPWT device applies
suction, which can bring the edges of the wound
closer, reducing its size.”

b. Fluid removal: The body comprises intravascular,
intracellular, and extracellular fluids. In DFUs,
extracellular edema can compress microvasculature,
impairing tissue perfusion. NPWT regulates fluid
circulation, mitigating fluid overload using the
Starling equation.>>*

c.  Micro-deformation: NPWD causes stretching of the
cell wall, triggering the molecular response that leads
to neovascularization due to mechanical force and
hypoxia.®**

There have been different types of studies investigating
the NPWT mechanism at the molecular level, and they
are categorized as follows:

1. Human studies®**

2. Animal models

3. Invitro models™"*

These studies have provided some overlapping and
contrasting findings. In the following, an attempt has
been made to explain the mechanism of NPWT.*

66-72

Effects of NPWT on Cytokines and Chemokine Expression

e Interleukin 8 (IL-8): The application of NPWT locally
increases IL-8 levels. IL-8 is an important chemokine
involved in regulating neutrophil function and
macrophage migration.*"”>”¢

e Interleukin 10 (IL-10): NPWT application leads
to a significant increase in the systemic level of
IL-10.° This results in a decrease in the number
of CD68 positive macrophages.” However, a
non-randomized, non-blinded trial of 21 human
traumatic wounds dressed with Epigard did not
demonstrate any expression of IL-10.

e  Tumor necrosis factor (TNF): Two different studies
using different methods 41 have shown a notable
reduction in local TNF levels.*>*

e Interleukin 6 (IL-6): Three studies have examined the
effect of NPWT on IL-6 expression. Two large studies
by Labler et al** found no signs of IL-6 expression
following NPWT application. In addition, another
study using a porcine model did not observe any
signs of IL-6 expression.

Effects of NPWT on Growth Factor Expression

e Vascular endothelial growth factor (VEGF): More
studies have concentrated on VEGF changes
compared to other inflammatory factors. Seven
papers, comprising three human studies and four
animal studies, reported an elevation in VEGF levels
after NPWT application.5">670-76

e  Fibroblast growth factor (FGF): FGF2, an angiogenic
factor, was studied in vitro 74, Rat Wound 67 and
Human Models.

FGF2 expression increased in vitro, while in the human
model, no difference in the level of FGF2 was observed
due to the application of NPWT.%

Overall, all of these data suggest NPWT helps
wounds through different pathways, including local
immune modulation, mechanoreceptor signaling, and
hypoxia-mediated signaling.®® Tissue traumas trigger
inflammatory factors, activating resident macrophages,
circulating monocytes, and engaging neutrophils.”’
Other inflammatory factors, such as leukocytes, infiltrate
the inflammatory site and lead to the synthesis of pro-
inflammatory cytokines, especially TNF and IL-6 78. As
mentioned earlier in this study, NPWT application affects
pro-inflammatory cytokine expression and signaling,
shifting towards an anti-inflammatory phenotype. This is
achieved by reducing TNF expression, locally engaging
macrophages, increasing systemic IL-10, and elevating
IL-8 at the wound bed.”

The volume of filler material changes as a result of the
application of NPWT, and this deformational force leads to
cell strain.”” This mechanical stress induces cell proliferation,
which is under stress. Then, Integrin, a transmembrane
receptor that aids in cell-cell and cell-extracellular
adhesion,” triggers mechanoreceptor signaling pathways,
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which upregulate the expression of proto-oncogenes like
myc, c-jun, and Bcl-2. This, in turn, affects cellular meiotic
rate and signals for ECM synthesis and remodeling.®**
Early growth response (EGR-1), a significant nuclear
mechanoreceptor, contributes to wound healing by
expressing VEGF, PDGF, TGF-B1, and FGF-2 83. VEGF
and TGF-B1 prompt EGR-1 expression. NPWT induces
mechanoreceptors, stimulates HIF-1 synthesis under
hypoxia, and reduces tissue blood flow.®* HIF-1 signals
genes that lead to collagen deposition and alignment.®
This is how hypoxic fibroblasts impact wound healing
through the formation of the ECM. The relationship
between EGR-1 and HIF-1 remains a question.*®

Stem Cell Therapy

The standard treatment for DFUs usually involves
medical treatment, along with surgical intervention to
restore blood flow.*s Combination treatments are effective
for DFUs but ineffective in foot ischemia cases due to
reduced distal arterial outflow. Surgical interventions
like angioplasty below the knee are challenging due
to limited arterial involvement.*** Diabetic patients
with cardiovascular or cerebrovascular issues may not
qualify for arterial bypass. Stem cell therapy is vital for
chronic DFU treatment, offering comprehensive tissue
regeneration compared to topical growth factors.* Stem
cells promote angiogenesis by activating repair cell
activities and increasing ECM synthesis.**” Some animal
studies have also shown improved blood circulation
in ischemic limbs following stem cell implantation.®*?
In addition, stem cell therapy plays a key role in post-
injury and routine homeostasis skin repair, reducing the
complications of severe DFUs.* Different types of stem
cells are used in DFUs, including autologous, allogeneic,
and xenotransplantation cells.”

Autologous Stem Cell Therapy
Autologous stem cell therapy (ASCT) is an advanced
and unique therapy for chronic lower extremity
Wounds.89,90,94—96

The first human trial in 2002 involved bone marrow
mononuclear cell implantation, which proved to be
effective and safe.”

Subsequent studies have shown that the combination
of traditional treatment with ASCT is more effective than
traditional treatment alone for chronic wound healing.***”

Bone Marrow Derived Stem Cell

Bone marrow is ideal for treating chronic wounds because
it contains MSCs, inflammatory cells, and multipotent
stem cells, all of these factors contribute to wound
healing.’*”  Additionally, hematopoietic hormones
such as granulocytes colony-stimulating factor (G-CSF)
promote wound healing and can fill the dermis.'® Due
to their plasticity, they can also produce new skin cells.'!

In another study, Dash et al' reported that the
application of autologous bone marrow mesenchymal
stem cells (BMMSCs) was safe and simple to use. Wu
et al'® found that combining autologous platelet-rich
gel (APG) with BMMSCs aided DFU healing and tissue
regeneration. BMNCs and BMMSCs reduced pain and
improved perfusion, with BMNCs achieving complete
healing four weeks earlier.'**

Peripheral Blood Stem Cells and G-CSF

Scatena et al'® compared PBMNC treatment with
standard treatment in no-option critical limb ischemia,
reporting a lower amputation rate and a higher survival
rate in the PBMNC group compared to the control group
during a two-year follow-up.

Administered  subcutaneously,  intramuscularly,
intravenously, or rarely topically, G-CSF promotes
neutrophil growth and supports immunity.''?” Different
studies on DFU treatment are shown in Table 1.

Discussion

A DFU presents a healthcare challenge, with high
morbidity and costs. In extreme cases, amputation can
have a fatal consequence. Due to the intricate nature of
this condition, a multidisciplinary treatment reduces
the DFU and amputation risk. A number of specific
treatment techniques have gained recognition within
this comprehensive approach. Comprehensive studies***
highlight the clinical effectiveness of offloading devices,
emphasizing the practicality and patient compliance
associated with FFD, post-operation shoes, removable
long-leg walking boots (RCW), and non-removable long-
leg walking casts (total contact cast - TCC). Although
FFD and post-op shoes may lengthen healing times, their
inclusion in guidelines is justified due to their affordability
and comfort, particularly for elderly patients.*®*¢ The
wide range of offloading options caters to diverse patient
needs and preferences. According to the studies, wound
dressings play a crucial role in DFU management by
creating a moist wound environment that facilitates
granulation tissue formation and autolytic debridement.
Various optionsareavailable, including alginate dressings,
hydrogel dressings, Mepitel films, protease-modulating
matrix dressings, and honey dressings.”*?>*7** While
each dressing has unique properties, no single dressing
has demonstrated superiority over others. Therefore,
selecting a dressing depends on the individual patient’s
needs and wound characteristics.

PBM, intervention, has shown
promise for improving DFU healing. By utilizing LLLT
in specific wavelength ranges, PBM triggers beneficial
cellular responses like angiogenesis and tissue repair.
Its non-thermal nature makes it a favorable option for
patients, considering factors like skin color to optimize
outcomes.”**? Compared to other treatments, PBM

a non-invasive
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Table 1. Diabetic Foot Ulcers treatment and intervention.

Authors Population Intervention Result
Maiya et al?* 17' participants AT vl (e e Erai Wounq clpsure occurred within 26+ 11 days, preventing future
with T2DM complications.
Ra|zAma’n and 4 Self-applied PBM device at home Pat|ent§ experienced wound healing in 1-3 weeks with pain
Gavish*' reduction.
. . ) — oy
Haze ot al® 20 Patients with severe co B ez ey e Significant wound closure (>90%) with no adverse effects was

Caravaggi et al*

Wau et al*

Zimny et al*®

Eisenhardt et al*®

Labler et al®'

Younan, G., et al®®

Carstens, M. H.,
etal”

Scatena et al'®

Wau et al'®

Minatel, D. G.
et al**

Ebadi et al*®

Kajagar et al*®

Kaviani et al?”

Sandoval Ortiz
et al*®

morbidities

50 DM patients with
neuropathic plantar ulcers

901 DFU treatment
centers in 50 states of
America

54 type 1 and 2 diabetic
patients with a DFU

30 patients with skin
grafted free muscle transfer
for covering defect

32 patients with traumatic
wounds

20 mice with wound

63 type 2 DM with
a chronic DFU (all
candidate for amputation)

76 No-option critical limb
ischemia (NO-CLI)

54-year-old DM patients
with a DFU that had an
infection

23 diabetic leg ulcers

60 Diabetic peripheral
neuropathy (DPN) patients

68 type 2 diabetic ulcer
patients stayed >4 weeks,
culture-free.

23 patients with DFUs

28 diabetic patients

2 groups: Shoe group (cloth shoe with
rigid sole), Cast group (nonremovable off-
bearing fiberglass cast)

A diabetic foot management survey was
sent about off-loading devices

Two groups: FFD therapy (24 patients) vs.
conventional therapy (30 patients).

First group: flap covered with NPWT.
Second group: covered with petroleum
gauze dressings.

2 groups: Temporary covering with
vacuum-assisted closure (VAC) and
Epigard application

2 groups: VAC therapy and foam-dressing
or occlusive dressing as controls

Local injections of autologous adipose-
derived SVF cells

Standard care given to all; 38 had
PBMNCs implants additionally.

Standard care: insulin for glucose, anti-
infection treatment, APG + BMMSC.

Two groups: both treated with silver
sulfadiazine cream and phototherapy
(placebo vs. 3 J/cm?).

The laser group received LLLT (630 and
819 nm)+conventional therapy; the
control had no laser.

2 groups: LLLT group plus conventional
therapy and control group with only
conventional therapy

2 groups: placebo group only received
conventional therapy, Second group
(LLLT) with conventional therapy

Three groups: 1) HPVC+SWC, 2) LLLT
(685nm)+SWC, 3) SWC only (control
group)

observed.

Cast group: Faster ulcer area reduction, 50% completely
healed after 30 days. Just in the shoe group, new ulcers were
seen.

TCC, the gold standard for pressure reduction in DFU, was
used in only 1.7% of centers; shoe mods prevalent.

FFD therapy is effective for a DFU, particularly in patients with
weight-bearing limitations.

NPWT reduced inflammation, improved microcirculation, and
minimized tissue damage in skin-grafted muscle flaps.

VAC therapy can increase local IL-8 and VEGF concentration
in the wound place, cause more angiogenesis, and help
neovascularization.

VAC enhances nerve fiber and neuropeptide production,
improving wound healing, especially in denervated wounds
like DFUs.

After 6 months, 51 patients' wounds were fully closed, 8
nearly 75% closed, with 3 early amputations and 1 death.
Therefore, SVF showed excellent wound healing.

PBMNCs reduced amputations (4/38 vs. 15/38) and improved
two-year survival (80% vs. 20%) with 87% experiencing
healing.

APG combined with in vitro amplified BMMSCs may enhance
DFU healing, yet additional research is warranted to validate
its efficacy.

Group two showed superior healing rates on days 15, 30, 45,
60, 75, and 90, with 58.3% fully healed by day 90.

Patients’ sensation of both right and left foot with the
monofilament test increased significantly. No side effects were
seen.

According to the size of ulcers after 15 days, it was said that
LLLT could be a good adjunct to conventional therapy for
DFUs.

After 20 weeks, 8 patients in the LLLT group fully healed,
compared to 3 in the control group, indicating accelerated
healing.

Healing rates in the 16th week were 7/9 for LLLT, 8/10

for HVPC, and 6/9 for control groups, with no significant
differences.

appears to effectively treat DFUs with fewer side effects.
Studies suggest that adjunct treatments like HBOT
and NPWT in the management of DFUs have certain
uncertainties and limitations. HBOT, involving the
administration of oxygen under increased pressure,
lacks consistent evidence supporting its effectiveness,
and its recommendation varies based on specific DFU
cases. NPWT, while demonstrating potential benefits,
yields variable responses, including cytokine and growth
factor expression, which do not consistently align across
different study types (human, animal, and in vitro).’5
More research is necessary to grasp the limitations and
challenges of adjunct treatments in DFU management.
Despite the promise of stem cell therapy, its drawbacks
and challenges warrant careful consideration. Autologous
stem cell therapies, including bone marrow-derived

and peripheral blood stem cells, may be constrained by
patient health and age, influencing their effectiveness.
Further research is necessary to ascertain their long-term
safety and efficacy in DFU management, emphasizing
the importance of cautious implementation.'™* In
managing DFUs, treatment should be individualized,
considering patient characteristics, wound specifics,
and treatment preferences. The ideal approach often
involves a combination of these modalities within
a multidisciplinary framework, aiming to mitigate
the burden of DFUs, improve outcomes, and reduce
amputations. As research progresses, new treatments are
expected to emerge, enhancing patient-centered care.
Determining the superior treatment for DFUsisa complex
task with no one-size-fits-all solution. The effectiveness of
treatments depends on several factors, including wound
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characteristics, patient health, adherence to treatment,
and resource availability. A multidisciplinary approach
is often favored for personalized care, considering cost,
clinical evidence, and patient preferences. Monitoring
treatment responses and healing rates is crucial. There
is no universal “best” treatment for DFUs; it requires a
comprehensive evaluation of these factors to optimize
wound healing and enhance patient quality of life.
However, PBM should receive more attention in DFU
studies and research due to its lower side effects and cost-
effectiveness.

Conclusion

In conclusion, managing DFUs is a complex and
personalized endeavor, with treatment choices shaped
by wound characteristics, patient health, resources, and
preferences. Regular monitoring is vital. PBM offers a
promising, cost-effective option with the potential for
faster healing and fewer complications. When integrated
into a personalized approach, PBM can improve DFU
management and enhance patient outcomes.
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