
TYPE Review
PUBLISHED 23 February 2024| DOI 10.3389/fsurg.2024.1265360
EDITED BY

Jared Bushman,

University of Wyoming, United States

REVIEWED BY

Fang Zhang,

Affiliated Hospital of Zunyi Medical University,

China

Sofija Pejkova,

University Clinic for Plastic and Reconstructive

Surgery, North Macedonia

*CORRESPONDENCE

Yibing Wang

ybwang@sdfmu.edu.cn

†These authors have contributed equally to

this work and share first authorship

RECEIVED 22 July 2023

ACCEPTED 05 January 2024

PUBLISHED 23 February 2024

CITATION

Lu Y, Zhao D, Cao G, Yin S, Liu C, Song R, Ma J,

Sun R, Wu Z, Liu J, Wu P and Wang Y (2024)

Research progress on and molecular

mechanism of vacuum sealing drainage in the

treatment of diabetic foot ulcers.

Front. Surg. 11:1265360.

doi: 10.3389/fsurg.2024.1265360

COPYRIGHT

© 2024 Lu, Zhao, Cao, Yin, Liu, Song, Ma, Sun,
Wu, Liu, Wu and Wang. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Surgery
Research progress on and
molecular mechanism of vacuum
sealing drainage in the treatment
of diabetic foot ulcers
Yongpan Lu1,2†, Dejie Zhao3†, Guoqi Cao2,4, Siyuan Yin2,5,
Chunyan Liu2,5, Ru Song2,5, Jiaxu Ma2,4, Rui Sun2,4, Zhenjie Wu2,4,
Jian Liu2,5, Peng Wu2,5 and Yibing Wang2,5*
1First Clinical Medical College, Shandong University of Traditional Chinese Medicine, Jinan, China,
2Jinan Clinical Research Center for Tissue Engineering Skin Regeneration and Wound Repair, The First
Affiliated Hospital of Shandong First Medical University & Shandong Provincial Qianfoshan Hospital,
Jinan, China, 3Department of Vascular Surgery, Affiliated Hospital of Shandong University of Traditional
Chinese Medicine, Jinan, China, 4Department of Plastic Surgery, Shandong Provincial Qianfoshan
Hospital, Shandong University, Jinan, China, 5Department of Plastic Surgery, The First Affiliated Hospital
of Shandong First Medical University & Shandong Provincial Qianfoshan Hospital, Jinan, China
Diabetic foot ulcers (DFUs) are common chronic wounds and a common
complication of diabetes. The foot is the main site of diabetic ulcers, which
involve small and medium-sized arteries, peripheral nerves, and
microcirculation, among others. DFUs are prone to coinfections and affect
many diabetic patients. In recent years, interdisciplinary research combining
medicine and material science has been increasing and has achieved significant
clinical therapeutic effects, and the application of vacuum sealing drainage
(VSD) in the treatment of DFUs is a typical representative of this progress, but
the mechanism of action remains unclear. In this review, we integrated
bioinformatics and literature and found that ferroptosis is an important signaling
pathway through which VSD promotes the healing of DFUs and that System
Xc-GSH-GPX4 and NAD(P)H-CoQ10-FSP1 are important axes in this signaling
pathway, and we speculate that VSD is most likely to inhibit ferroptosis to
promote DFU healing through the above axes. In addition, we found that some
classical pathways, such as the TNF, NF-κB, and Wnt/β-catenin pathways, are
also involved in the VSD-mediated promotion of DFU healing. We also
compiled and reviewed the progress from clinical studies on VSD, and this
information provides a reference for the study of VSD in the treatment of DFUs.
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Introduction

Patients with diabetic foot ulcers (DFUs) incur significant hospitalization costs each

year, and the ulcers are prone to recurring (1). Vacuum sealing drainage (VSD) was

initially used mainly to treat open fractures, but its use has gradually expanded to

include the continuous healing of late-stage wounds. This treatment is now widely used

in many clinical disciplines, such as general surgery, peripheral vascular surgery, burn

plastic surgery, and orthopedic surgery, among others, and shows satisfactory clinical

results (2). Although VSD is widely used in surgery, the mechanism of action of VSD
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TABLE 1 Full definitions of the abbreviations in the article (according to
the alphabetical order).

Abbreviated name Full name
AGEs Advanced glycosylation end products

ACSL4 A synthase long chain family member 4

ALOX15 Arachidonate 15-lipoxygenase

BCL-2 B-cell lymphoma-2

CXCL3 Recombinant chemokine (C-X-C motif) ligand 3

CXCL8 Recombinant chemokine (C-X-C motif) ligand 8

CoQ10 Coenzyme Q 10

CoQ Coenzyme Q

DFUs Diabetic foot ulcers

DEGs Differentially expressed genes

EMT Epithelial-to-mesenchymal transition

ECM Extracellular matrix

MEK/ERK Extracellular regulatory protein kinase

Fpn-1 Ferroportin 1

Fpn Ferroportin

FSP1 Ferroptosis suppressor protein 1

Fer-1 Ferrostatin 1

Frz Cell surface receptor frizzled

Fzd G protein-coupled receptor

GSH Glutathione

GPX4 Glutathione peroxidase 4

HO-1 Heme oxygenase-1

HMOX1 Recombinant human heme oxygenase 1

IL-1β Interleukin 1β

IL-1 Interleukin 1

IL-2 Interleukin 2

IL-6 Interleukin 6

IL-10 Interleukin 10

IGF-1 Insulin-like growth factor-1

IκB Inhibitor of NF-κB

IKK IκB kinase

IKKα Inhibitor kappa B kinase α

IKKβ Inhibitor of nuclear factor kappa B kinase subunit beta

KEGG Kyoto Encyclopedia of Genes and Genomes

LRP5/6 Low-density lipoprotein receptor-related protein 5/6

LPCAT3 Lysophosphatidylcholine acyltransferase 3

MDA Malondialdehyde

MMPs Matrix metalloproteinases

MMP1 Matrix metalloproteinase 1

MMP2 Matrix metalloproteinase 2

MMP3 Matrix metalloproteinase 3

MMP9 Matrix metalloproteinase 9

NF-κB Nuclear factor kappa B

NAD(P)H Nicotinamide adenine dinucleotide phosphate

NCOA4 Nuclear receptor coactivator 4

PRNP Prion protein
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in the healing of DFUs remains not fully understood; thus, it is

important to study the molecular mechanism of action of VSD

in DFU healing (3).

Because diabetic patients suffer from long-term metabolic

disorders, especially elevated blood glucose levels and

significantly reduced autoimmunity, these patients are highly

susceptible to vasculopathy, which leads to ischemia and hypoxia

in distal tissues (4). After ischemia or hypoxia, the antimicrobial

capacity and bactericidal function of local tissues are significantly

reduced (5). In addition, the ability of local leukocytes to

phagocytose bacteria is also significantly reduced, and due to the

accumulation of pathogenic microorganisms after local

ulceration, the tissue becomes highly susceptible to infection (6).

An individual with diabetes is also prone to neuropathy (7).

After neuropathy occurs, the protective response produced by the

body is weakened, and the patient becomes vulnerable to injury;

thus injury decreases the degree of self-awareness, which may

lead to delays in wound treatment and increase the likelihood of

infection (8). These three factors are the main reasons explaining

why patients with diabetes are prone to infection. The

accumulation of advanced glycosylation end products (AGEs) at

the latter stages of diabetes accelerates the onset of diabetic

complications, particularly DFUs. All DFUs are contaminated

wounds, and control of this infection thus requires long-term

application of antibiotics, which causes the body to produce a

variety of drug-resistant bacteria (9). In general, antibiotic

resistance is increasing, and the available antibiotics need to be

improved. Severe sepsis can occur, infections are difficult to

control and life-threatening, and the discovery of a drug or

technology that can control infection and promote healing is

urgently needed (10).

Due to increased interdisciplinary research, VSD has been used

in clinical medicine; from a material science perspective, VSD is

performed with polyethylene drainage tubes using hydrated

alcohol alginate foam dressings to cover or fill skin tissue defects

(11). The biological semipermeable membrane is used to seal the

wound, and the drainage tube is then connected to a negative-

pressure pump to control external bacterial invasion by

controlling the negative pressure (12). The polyvinyl alcohol

(PVA) hydrated alginate foam dressing used in VSD is white,

nontoxic, and nonimmunoreactive; shows high adsorption and

permeability; is resistant to corrosion; and consists of a soft

texture with high tensile strength (13, 14). Table 1 provides the

full list of abbreviations in English.

PCBP1 Poly(rC)-binding protein 1

PCBP2 Poly(rC)-binding protein 2

PLOOH Phospholipid hydroperoxide

PVA Polyvinyl alcohol

ROS Reactive oxygen species

RTAs Radical-trapping antioxidants

SLC7A11 Solute carrier family 7 member 11

Steap3 Six-transmembrane epithelial antigen of prostate 3

TGF-β Transforming growth factor β

TGF Transforming growth factor

TI Transferrin

Tf-Fe Transferrin-bound iron

(Continued)
Molecular mechanism

We performed a bioinformatics analysis of the gene expression

profiling of tissues before and after VSD treatment of DFUs and

combined the results with those detailed in literature reports of

the application of VSD in the treatment of DFUs. These data

were integrated to identify the following four important

molecular mechanisms that are representative of the mechanism

of action of VSD in DFUs: ferroptosis, TNF, NF-κB, and
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TABLE 1 Continued

Abbreviated name Full name
TfR Transferrin receptor

NF-κB Nuclear factor kappa B

TNF Tumor necrosis factor

TNF-α Tumor necrosis factor α

TIMPs Tissue inhibitor of metalloproteinases

TIMP1 Tissue inhibitor of metalloproteinase 1

VEGFs Vascular endothelial growth factors

VEGF Vascular endothelial growth factor

VSD Vacuum sealing drainage

VEGFRs Vascular endothelial growth factor receptors

Wnt Wingless type

Wnt/β- catenin Wingless type/β-catenin

WNT 5a Wingless type 5a

WNT16 Wingless type 16

Xc System Xc

Lu et al. 10.3389/fsurg.2024.1265360
Wnt/β-catenin. Interestingly, we found that the involvement of the

ferroptosis mechanism in the application of VSD in the treatment

of DFUs has been less studied, and we thus focused on the

ferroptosis mechanism. A bar graph (Figure 1A) of the KEGG

signaling pathways involved in the activity of VSD in the healing

of DFUs was analyzed using bioinformatics techniques, and

ferroptosis, TNF, Wnt/β-catenin and NF-κB were the top-ranked

pathways. Figure 1B shows a scatterplot of the KEGG signaling

pathways. We filtered the top-ranked signaling pathways and

plotted the number of overlapping genes between different

signaling pathways in Figure 1C to visualize the network

diagram, and a higher number of crossing lines indicates a

greater number of overlapping genes.
Ferroptosis

Iron is the most abundant and indispensable trace element in

the body and is involved in a variety of important physiological

and biochemical bodily functions. For example, iron is the main

raw material in hemoglobin and myoglobin synthesis. This

element is not only involved in the biosynthesis of DNA and

ATP but also an important cofactor in the electron transport

chain in mitochondria and in many redox reactions of important

enzymes (15). Iron is also a cofactor of many enzymes in

mitochondria. The body maintains a dynamic balance of iron

through dietary iron intake and the “iron cycle”. Hepcidin, which

is synthesized and secreted by the liver, directly regulates the

serum iron levels, whereas iron homeostasis in the body’s cells is

mainly regulated via the iron-regulating protein system, which

includes the membrane iron transporter ferroportin-1 (Fpn-1)

(16). Abnormalities in the distribution and content of iron in the

body can lead to the occurrence of various injuries and

diseases.Our bioinformatics analysis of the sequencing results

revealed that DFUs treated with VSD show an increase in PCBP2

and a decrease in NCOA4 (17, 18), which is a related protein

that mediates ferritin-associated autophagy and plays an

important role in ferroptosis (19–21).
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PCBP1 and PCBP2 are cytoplasmic iron chaperones.

Ferroptosis is closely related to iron ions, and these factors are

responsible for the transport of iron to ferritin for iron

metabolism, storage, and transit (22). In vivo, trivalent iron ions

enter the bloodstream and bind to transferrin (TI) to form

transferrin-bound iron (Tf-Fe), and most Tf-Fe is used in

hematopoiesis of erythrocyte precursor cells. Tf-Fe binds to

transferrin receptor (TfR) on the surface of the cell, and the

membrane iron transport protein ferroportin (Fpn) is the only

iron-transferring protein that attenuates iron death by reducing

the intracellular iron levels (23). Iron channels can only transport

divalent iron ions into the cytoplasm, and iron ions are reduced

from trivalent to divalent; Steap3 acts as a metal reductase to

regulate ferroptosis during this process. Our bioinformatics

analysis showed that Steap3 expression in DFU tissues is high

and decreases after VSD treatment (24, 25).

Studies have shown that intracellular membranes and the

plasma membrane, which contain polyunsaturated fatty acids, are

particularly susceptible to peroxidation by lipid radicals, and Fe2+

can markedly increase this reaction rate (26). Higher levels of

iron ions are associated with a more intense lipid peroxidation

reaction and more severe cell damage. Studies of neurons found

that the levels of iron ions are positively correlated with the

levels of lipid radicals, malondialdehyde (MDA) and other

peroxidation products (27). These findings suggest that iron and

reactive oxygen species (ROS) initiate and mediate ferroptosis

and that the activity of neurons is negatively correlated with the

production of lipid peroxidation products (28). When tissue is

damaged or exposed to ischemic or hypoxic conditions, cellular

metabolism is impaired, and the pH value decreases; these

changes result in the reduction of intracellular Fe3+ to Fe2+,

which promotes the production of oxygen radicals with hydrogen

peroxide through the Fenton reaction and a rapid reaction with

neighboring molecules in vivo, and during this process, the lipid

components of the cell are peroxidized to generate many lipid

radicals (29). The conversion between Fe3+ and Fe2+ is shown in

Figure 2A. Because the cell and plasma membranes are enriched

with polyunsaturated fatty acids, lipid radicals induce a cascade

reaction, which leads to further thinning of the cell and plasma

membranes and causes a barrier loss effect (30). This change

explains the thinning of the superficial fascial layer observed in a

previous study. Specifically, due to the barrier loss effect, the

intracellular ROS levels are increased, damaging the cytosol,

inducing protein pore formation in cell membranes, including

the plasma membrane, disrupting intracellular homeostasis (31)

and inducing more consequential biochemical reactions. In

contrast, lipid free radicals damage the lipid structure of the cell

and produce lipid peroxidation products, which continuously

destroy the cell and eventually lead to irreversible destruction of

the structure and function of the cell and plasma membranes via

iron-dependent lipid peroxidation-based cell death, i.e.,

ferroptosis (32). A review of the literature revealed that

ferroregulin is a key negative regulator of iron metabolism in the

body and binds to the target protein membrane transferrin for

its degradation and that FPN is the only known protein with an

iron efflux function (33, 34).
frontiersin.org

https://doi.org/10.3389/fsurg.2024.1265360
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/


FIGURE 1

KEGG pathway analysis. (A) The bar graph shows the summarized significant signaling pathways ranked by the number of genes present in each
signaling pathway. (B) Significant KEGG pathway enrichment of DEGs. The pathways are ranked by the number of enriched genes. (C) Mesh
diagram showing common gene intersections occurring in meaningful signaling pathways. DEGs, differentially expressed genes; KEGG, Kyoto
Encyclopedia of Genes and Genomes.
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Pathways such as the glutathione (GSH) pathway have been

proposed to promote cellular keratinization and ulcer healing,

and the presence of ferroptosis in DFUs has been demonstrated

(35). The GSH pathway is a key pathway regulating oxidative

stress damage, and cell death is thought to be associated with

DNA and mitochondrial damage due to peroxidation. Dixon

(36) introduced the concept of ferroptosis, a novel form of

programmed cell death that depends on lipid peroxidation

driven by a process that requires intracellular enrichment with

available iron (36, 37). The morphology of ferroptotic cells is

characterized mainly by changes in the mitochondrial

morphology and cristae but no changes in the nucleus (38).

Biochemically, ferroptosis is characterized by elevated iron ion

levels, high levels of ROS production, decreased glutathione

peroxidase 4 (GPX4) activity, and the accumulation of lipid

metabolites. Ferroptosis differs from apoptosis, cell necrosis,

and autophagic cell death (39). Bioinformatics studies

conducted by our research group revealed elevated expression

of GSH and GPX4 in tissues after the treatment of DFUs with

VSD. The main mechanism of ferroptosis is the induction of

cell death by the catalyzed lipid peroxidation of highly

expressed unsaturated fatty acids on cell membranes in the

presence of divalent iron or ester oxygenase; in addition,

ferroptosis is manifested by a decreased level of the regulatory

core enzyme GPX4 in the antioxidant system (glutathione

system) (40). Numerous studies have shown that ferroptosis is

closely associated with neoplastic diseases, neurodegenerative

diseases and organ damage (41). Stress therapy can promote

GSH synthesis by stimulating SLC7A11 (system Xc) expression

in mice with DFUs (42), improve GPX4 activity, protect cells

from oxidative stress, maintain the cellular redox balance, and

attenuate ferroptosis by reducing lipid peroxidation (17, 43).

Our bioinformatics study revealed elevated expression of System

Xc in DFU tissues after VSD treatment.

Ferroptosis is thought to be inhibited only by the phospholipid

hydroperoxide (PLOOH) reductase GPX4 and free radical-trapping

antioxidants (RTAs) (44). However, identifying factors that

sensitize specific cell types to ferroptosis is important to gain a

greater understanding of the pathophysiological role played by

ferroptosis and how it can be leveraged in the treatment of

trauma-induced lesions. Although metabolism-limiting factors

and phospholipid components promote cell susceptibility to

ferroptosis, no cellular mechanisms that cause ferroptosis

resistance per se have been identified (45). The unique triggering

mechanism of ferroptosis implies its potential application in the

treatment of tumors (46). Due to continuous research into the

mechanism of ferroptosis, acetyl coenzyme A synthase long chain

family member 4 (ACSL4) has been identified as a ferroptosis-

promoting gene, and its expression level determines the

sensitivity of cells to ferroptosis to some extent. However, certain

cancer cells are insensitive to GPX4 inhibitors regardless of

whether ACSL4 is expressed, which suggests that other

ferroptotic regulatory mechanisms are not dependent on GPX4

(40). A bioinformatics screening of genes revealed that stress

therapy decreases the levels of ALOX15, ACSL4, and LPCAT3 in

diabetes mouse wound models (47, 48). The literature suggests
Frontiers in Surgery 05
that the accumulation of ALOX15, ACSL4 and LPCAT3

promotes ferroptosis (17, 49).

Iron chelators (desferrioxamine) and antioxidants (α-vitamin

E, β-carotene, etc.) have been shown to significantly inhibit

erastin-induced ferroptosis, which suggests that iron homeostasis

and lipid peroxidation are key links in ferroptosis (28). Dixon

(50) and Stockwell (51) suggested that the iron in iron chelators

is a coenzyme for many important metalloenzymes and prevents

the transfer of electrons from iron to oxide molecules, which

inhibits the production of oxygen radicals, i.e., inhibits cellular

lipid peroxidation and thus ferroptosis. One ferroptosis inhibitor,

ferrostatin-1, is a lipid ROS scavenger with an N-loop that acts

as a lipophilic anchor to biological membranes but does not

inhibit the MEK/ERK pathway or chelate iron (28, 52). Scholars

have performed protein sequencing analysis of DFU tissues

collected before and after VSD treatment and found that the

treatment decreased the expression of HO-1 and PRNP and

increased that of GPX4 (17, 53, 54). A KEGG pathway analysis

revealed that these factors are closely related to ROS and

ferroptosis (55, 56).

In addition, Doll S et al. (57) and Bersuker K et al. (58)

discovered a ferroptosis regulator, ferroptosis suppressor protein

1 (FSP1), independent of the GPX4 system. FSP1 inhibits

ferroptosis by reducing the CoQ10 level and thus blocks lipid

peroxidation. The NAD(P)H-CoQ10-FSP1 pathway is another

key mechanism of lipid peroxidation and ferroptosis inhibition.

Thus, lipid redox homeostasis can be separated from the classical

GSH-GPX4 mechanism and forms a relatively independent

mechanistic branch. Moreover, compared with the lethal

consequences of complete GPX4 knockout, mice with complete

FSP1 knockout do not show obvious visible morphological or

developmental abnormalities, which indicates that FSP1 is merely

a powerful synergistic partner of GPX4 and cannot perform the

key regulatory function of GPX4 in ferroptosis. Our

bioinformatics analysis found that the expression of FSP1 and

CoQ10 is elevated in tissues after the treatment of DFUs with

VSD. Therefore, the application of GPX4 inhibitors is necessary

in future ferroptosis-based DFU treatment strategies, and the use

of appropriate means to inhibit synergistic proteins such as FSP1

is also important (58).

Ferroptosis is characterized by lipid peroxide-dependent

accumulation in the pathogenesis of diabetic wounds, and

fibroblasts and vascular endothelial cells are thus exposed to high

concentrations of glucose in vitro, harbor high levels of ROS,

lipid peroxidation products, and ferritin, and thus exhibit

reduced proliferation and migration rates (59). These effects of a

high glucose concentration are significantly reduced after

treatment with ferrostatin-1 (Fer-1), a ferroptosis inhibitor; in a

diabetic rat model, the direct application of Fer-1 to wound sites

reduces oxidative stress and inflammatory marker expression,

which accelerates wound healing. Ferritin formation has been

associated with wound healing and is a potential new therapeutic

target in difficult-to-treat diabetic wounds; that is, the

attenuation of ferroptosis in diabetic wounds may promote the

healing of DFUs (60). Persistent inflammatory and oxidative

stress at a wound site is a clear manifestation of delayed wound
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FIGURE 2

Ferroptosis signaling pathway and photographs of the clinical treatments. (A) Ferroptosis is an effective signaling pathway by which VSD can treat DFUs.
Genes labeled in green showdecreased expression after VSD treatment of DFUs and generally promote iron death; genes labeled in red exhibit increased
expression afterVSD treatmentofDFUsandgenerally inhibit irondeath. The threegenes in thepurple framecomprise thefirst iron-deathpathway (System
Xc-GSH-GPX4), and the three genes in the blue frame form the second iron-death pathway (NAD(P)H-CoQ10-FSP1). The two large frames in brown
indicate the conversion of Fe2+ to Fe3+, and the two large frames in yellow indicate the conversion of Fe3+ to Fe2+. (B) Photographs of DFUs treated
with VSD.
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healing in DFUs, and chronic hyperglycemia in patients can lead to

the accumulation of lipid peroxidation products in the circulatory

system and impaired iron metabolic pathways (61), resulting in

multiple free iron species in plasma. Oxidative stress and lipid

peroxidation are typical manifestations of ferroptosis in DFUs,

and ferroptosis is one of the potential mechanisms involved in

delayed wound healing in DFUs; thus, ferroptosis may be a new

therapeutic target of delayed wound healing in DFU patients

(62). Through in vivo experiments, a high glucose concentration-

induced cell injury model has been established, and the

expression levels of ferroptosis-related proteins and the related

inflammatory cytokines IL-1β and IL-10 have been measured,

confirming the presence of cellular ferroptosis in DFUs and its

effect on DFU healing (63). In addition to in vivo experiments,

in vitro cellular experiments have been established with vascular

endothelial cells and fibroblasts (64). The results showed that

ferroptosis is evident in DFUs and that inhibition of ferroptosis

improves the activity of fibroblasts and vascular endothelial cells

exposed to high glucose concentrations and thus improves cell

migration and proliferation (62, 65). At the cellular level, Fer-1

ameliorates high glucose- and high fat-induced lipid peroxidation

and affects ROS production. More importantly, HMOX1

knockdown attenuates Fe2+ overload, reduces the iron and ROS

levels, and alleviates lipid peroxidation, which results in reduced

iron ion accumulation in diabetic endothelial cells (66). The

upregulation of HMOX1 is critical for increased ferroptosis

during the development of diabetic atherosclerosis, suggesting

that HMOX1 may serve as a potential therapeutic or drug

development target in diabetic atherosclerosis (67). DFUs

generally develop over years of poor glycemic control in diabetes,

which causes peripheral neurovascular lesions in the lower

extremities (68). DFUs generally develop as follows: years of poor

glycemic control cause peripheral neurovascular disease in the

lower extremities, and this disease is further aggravated by the

development of atherosclerotic occlusions (69), which lead to

localized ischemia and hypoxia in the foot and ultimately cause

ulceration. Ferroptosis is caused by unrestricted lipid

peroxidation, diabetes mellitus is closely related to

atherosclerosis, and DFUs are closely related to ferroptotic, lipid

peroxidation, and atherosclerotic pathways (67, 70). The

molecular mechanisms are shown in Figure 2A, which reveals

that ferroptosis is the most highly enriched molecular

mechanism identified by bioinformatics, and the genes that

usually promote ferroptosis are labeled green. The analysis of the

tissue sequencing results showed that the expression of these

genes decreased after the treatment of DFUs with VSD and that

VSD inhibited ferroptosis to promote the healing of DFUs by

reducing the expression of the green-labeled genes. The red-

labeled genes, which are genes that usually inhibit ferroptosis,

showed an increase in expression after the VSD treatment of

DFUs, and VSD inhibits ferroptosis by promoting high

expression of the red-labeled genes to promote DFU healing. Fe2

+ and Fe3+ can be converted to each other. System Xc-GSH-

GPX4 and NAD(P)H-CoQ10-FSP1 are the two axes through

which VSD promotes DFU healing. Ferroptosis may be a new

signaling pathway for the future study of the application of VSD
Frontiers in Surgery 07
for DFUs, and system Xc-GSH-GPX4 and NAD(P)H-CoQ10-

FSP1 may be a new axis for the future study of the application of

VSD for DFUs.
TNF

The TNF signaling pathway is closely related to matrix

metalloproteinases (MMPs) and plays a central role in

orchestrating the inflammatory immune response, is involved in

the intervention of chronic inflammation and autoimmune

diseases, and plays an important role in the repair of DFUs (71).

Collagen is essential for wound healing, and MMPs are the main

enzymes that degrade collagen. In contrast, metalloproteinase

inhibitors inhibit MMP activity and block extracellular matrix

degradation (72). The gene expression and activity of MPP-3 in

DFU injury exudates and tissues are reduced after VSD,

suggesting that VSD could accelerate DFU healing by inhibiting

the gene expression and activity of MMP-3 and increasing the

gene expression of metalloproteinase inhibitors (73). VSD also

increases the expression of VEGF, IGF-1, and BCL-2 in DFUs,

inhibits the expression of C-FOS, stimulates vascular endothelial

cell proliferation and inhibits apoptosis (74).

VSD can reduce the levels of MMP-2, increase the levels of

VEGF and TIMP-1, and promote the healing of ulcer wounds in

patients with DFUs (75). Recent studies have shown that MMPs

constitute the main family of enzymes involved in the

degradation of the extracellular matrix (ECM) and are involved

in the extracellular degradation and breakdown of matrix

proteins during normal physiological processes such as wound

healing and vascular proliferation, which prompts cells to cross

the basement membrane (76). The ECM is closely related to

fibroblasts, keratin-forming cells, cell proliferation and migration,

and hair regeneration, among others. Changes in and remodeling

of the ECM and the combined actions of multiple matrix-

degrading enzymes and their inhibitory enzymes make ECM

proteolysis the key process in wound repair (77). Scholars have

shown that 2 weeks of VSD treatment for DFUs significantly

decreases the levels of MMP-1, MMP-3 and MMP-9 and

significantly increases the levels of TIMP-1 (55). Recent studies

have found that MMP-3, which is also known as stromelysin-1

or progelatinase, belongs to the MMP family of stroma-degrading

enzymes and is a Zn2+-dependent protease (78). MMP-3

degrades a variety of ECM components and is involved in

physiological and pathological processes such as tissue

morphogenesis, wound repair, and inflammatory responses, and

its hydrolytic substrates include type III, IV, V, and IX collagen,

proteoglycans, fibronectin, laminin, and elastin. The expression

of MMP-3 can be observed at different periods after tissue

trauma, and some studies have shown that MMP-3 expression

can be detected even 28 days after trauma, which indicates that

MMP-3 is involved not only in extracellular matrix degradation

but also in wound repair, extracellular matrix remodeling and

tissue reconstruction. Tissue inhibitors of metalloproteinases

(TIMPs) constitute a group of low-molecular-mass proteins that

are found extensively in tissues and bodily fluids and form on
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endothelial, fibroblast, and epithelial cell basolateral membranes

(79). Endogenous inhibitors of MMP-1, such as TIMP-1,

specifically inhibit matrix-degrading enzymes in MMP-1. In

addition, TIMP-1 is a multifunctional molecule that not only

exerts cell growth factor-like effects but also promotes fibroblast

proliferation and collagen synthesis, which results in deposition

of the ECM, inhibition of its degradation, regulation of ECM

metabolism and inhibition of vascular degradation. TIMP-1

regulates ECM metabolism and inhibits angiogenesis. In contrast,

cytokines, growth factors and hormones regulate the expression

of MMP-1 and TIMP-1 through complex pathways (80). For

example, MMP-3 regulates interleukin-1 activity, and in contrast,

the inhibitory enzymes activated by MMP-3 can inactivate

cytokines; thus, MMP-3 may be involved in the regulation of

interleukin-1 activity in chronic inflammation and thus affects

delayed DFU healing or increases fibrosis. Based on a

combination of bioinformatics results with the literature, we

found that 2 weeks of the treatment of DFUs with VSD

significantly decreased the levels of IL-1β, TNF-α, MMP-1, and

MMP-9 and significantly increased the levels of VEGF, TGF-β1,

and TIMP-1 (55).
NF-κB

The NF-κB family comprises transcription factor proteins that

bind to inhibitor of NF-κB (IκB) in the cytoplasm in a resting

cellular state (81). IκB is not transcriptionally active. Upon

external stimulation, IκB kinase (IKK) is activated to cleave the

IκB protein from NF-κB and degrade it (82). NF-κB then enters

the nucleus and binds to specific DNA targets in the nucleus,

initiating the transcription and expression of target genes, and

inflammatory factors such as interleukin-2 (IL-2) and IL-6 are

subsequently released from the cell (83). The NF-κB pathway is

central to the regulation of the immune response, stress response,

apoptosis and inflammation, is a common pathway in many

inflammatory processes and plays an important role in tissue

repair (84). Bioinformatics results combined with the literature

shows that VSD could improve the expression of CXCL8 and

CXCL3 in patients with DFUs and promote vascular

regeneration and recovery in patients with DFUs by increasing

gene expression (85, 86). CXCL3 and CXCL8 act through the

NF-κB signaling pathway (87, 88).

The NF-κB pathway is a classical pathway in the inflammatory

response, and during wound healing, the NF-κB pathway is

immediately activated as an initial immune response and

mediates the release of inflammatory factors necessary for wound

healing (89). In DFUs, sustained activation of the NF-κB

pathway leads to increased secretion of inflammatory factors and

contributes to the chronic refractory nature of DFUs, whereas

inhibition of the NF-κB pathway accelerates healing (90). Shibata

et al. (91) showed that VEGFs/VEGFRs may be downstream

target genes in the NF-κB signaling pathway and that NF-κB

mediates angiogenic capacity. A study on the promotion of DFU

healing revealed that VSD accelerates diabetic wound healing by

activating the NF-κB pathway to stimulate macrophage VEGF
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secretion, which in turn acts on vascular endothelial cells to

promote neovascularization (92, 93).
Wnt/β-catenin

The Wnt signaling pathway is a highly conserved signaling

pathway, and the Wnt protein family is involved in many

biological processes, including cell proliferation, apoptosis and

differentiation, and in the maintenance of stem cell multipotency

(94). Three major pathways are involved in Wnt signaling, and

the most studied of these pathways is the Wnt/β-catenin

pathway, which is also known as the classical Wnt pathway. The

Wnt/β-catenin pathway can regulate inflammatory and immune

responses by interacting with the NF-κB pathway; similarly, the

NF-κB pathway can interfere with the activation of the Wnt/β-

catenin signaling pathway (95, 96). The Wnt/β-catenin pathway

is involved in DFU healing, which may involve the regulation of

inflammation, impacts fibroblasts and plays a role in

angiogenesis (97). Using bioinformatics techniques, we found

that VSD improves DFU healing by downregulating Wnt4

through activation of the Wnt signaling pathway (98, 99). When

the Wnt signaling pathway is activated by VSD, the Wnt protein

binds to Frz and LRP5/6 (93).

Bioinformatics results combined with the literature revealed

that the treatment of DFUs with VSD induced changes in the

Wnt pathway and decreased the expression of Wnt16 and Wnt5a

(99, 100). Studies have identified many important functions of

Wnt5a, which, upon binding to receptors, activates the Wnt/β-

catenin pathway and plays a key role in DFUs. For example, the

expression of Wnt5a in DFUs is high and decreases after VSD

treatment. During the early stages of wound repair, Wnt5a

expression is enhanced in macrophages, and Wnt5a regulates

inflammatory factors through its ligand Fzd (101). Wnt5a

activates both classical and nonclassical Wnt pathways (102).

Fibroblasts produce ECM, which provides structural support for

cell growth and nutrient transport (103). Studies have confirmed

that β-catenin is specifically involved in the proliferative phase of

DFU repair (104). Additionally, it is believed that β-catenin

regulates fibroblast motility and is an important regulator of

fibroblasts during the proliferation phase of DFU repair (105).
Scope of the application of VSD in
clinical research and precautions that
should be considered

When applied to wounds as components of VSD, polyethylene

foam and semipermeable polyurethane film create a moisturizing

dressing that serves to provide favorable environmental

conditions (Figure 2B). We summarized the indications,

contraindications, optimal time points, and wound staging of

VSD for DFUs. VSD can be applied in the following conditions:

after the DFU wound infection is controlled; when DFUs are

combined with bone and tendon exposed wounds (106, 107);

when DFUs exhibit poor blood flow or a greater risk of flap
frontiersin.org

https://doi.org/10.3389/fsurg.2024.1265360
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/


Lu et al. 10.3389/fsurg.2024.1265360
grafting, when DFUs have a small area of exposed bone and/or

tendon; when DFUs exhibit skin line grafting (108, 109); for

delayed flaps such as after flap transfer surgery when a longer

period is needed to break off the tip of the flap; for dermal

substitute grafting (110); during postamputation or toe surgery

for first-phase suture wounds; for stump wounds after

amputation, after risk and infection control, and after necrotic

tissue is largely removed (111–113).

Contraindications to the use of VSD for the treatment of DFUs

include the following: DFU wounds with large amounts of necrotic

tissue; DFU wounds with active hemorrhage (114); uncovered

blood vessels and nerves; DFUs with anaerobic or fungal

infections (115); DFUs with periwound skin eczema; and DFUs

with osteomyelitis (116, 117). VSD is not suitable for some

patients on long-term anticoagulant medications because it may

exacerbate the risk of bleeding and should thus be considered

with caution (118–120).

The time point and staging of the application of VSD for the

treatment of DFUs are important considerations. In the first

phase (from 1 to 3 days), hemostasis and inflammatory

responses are induced, and these responses are necessary for the

removal of microorganisms and tissue debris and are

characterized by the infiltration of neutrophils early during this

phase and the differentiation of monocytes later during this

phase. The second phase (2–10 days) is the proliferative phase,

which is characterized by fibroblast proliferation,

neovascularization, and granulation tissue formation. The third

stage is the repair stage, which can last for 1 year or even longer

after trauma and mainly manifests as the contraction of collagen

and scarring.
VSD improves peripheral arterial
vascular perfusion and
microcirculation in DFUs

Microcirculatory disease in DFUs is not only the pathological

basis of secondary neurological and vascular damage in diabetes

but also an important factor that affects the treatment and

prognosis of patients with DFUs (121). These microcirculatory

changes are primarily functional and not structural, and

microcirculatory changes manifest as microvascular responses to

an impaired vasodilatory capacity (122). An inadequate blood

supply to an ulcer site is one of the most important reasons for

the persistence of DFUs, and an adequate blood supply is

essential for the growth of new granulation tissue at an ulcer site

(3). It is also important to note that the diameter of a vessel can

be enlarged to reduce the flow rate of red blood cells. Some

scholars have approached this topic from a molecular biology

perspective and detected increased expression of proangiogenic

factors (e.g., VEGF) when the DFU-induced injury surface is

under negative pressure (123). Other scholars have used adipose

tissue as a filling material for DFUs and have shown that adipose

tissue filling in conjunction with negative pressure leads to a

synergistic effect with cell regeneration, increasing the expression

of TGF and VEGF in local tissue (124). Potter et al. cultured
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vascular endothelial cells of DFUs in vitro and opted to start

with intermittent-pressure suction and then switch to continuous

pressure suction, and the results showed that intermittent

negative pressure was more clinically promising than continuous

negative pressure for promoting vascular endothelial cell

proliferation and migration (125).

In an animal model of diabetic ulcers treated with VSD, blood

flow was measured with an implantable Doppler probe. Compared

with the control group, the blood flow velocity was increased in the

VSD group, and VSD increased the blood supply to the DFUs and

improved perfusion (126–128). In a recent study, Kairinos et al.

(129) used a radiotracer technique to measure tissue perfusion in

healthy subjects and found a correlation between increased

perfusion and decreased negative-pressure values. It is believed

that thermal diffusion techniques, corrosion casting, and

fluorescent particles will soon be used to gain more insight into

the mechanisms of angiogenesis.
VSD enhances peripheral vascular
permeability and reduces tissue edema
caused by peripheral arteries

Polykandriotis et al. (130) found that the application of VSD

increased the density of lymphatic vessels on the DFU margins

and further reduced edema. Consistent with this finding, VSD

has been widely reported to reduce DFU-associated edema.

VSD can effectively reduce edema in an ulcerated surface and

tissues near DFUs, increase vascular permeability, and

ultimately accelerate granulation and tissue formation (131).

After the application of VSD, lymphocytic component

infiltration into the DFU surface has been observed to subside

faster, collagen synthesis appears earlier during the proliferative

phase, and enhanced contractile fiber synthesis is observed

during the repair phase (132). A histological study confirmed

that VSD could produce dermis in the margin of DFUs. VSD

can induce the transition of superficial vascular endothelial cells

and fibroblasts in the dermis at the edge of DFUs into an active

proliferative state, increase the density of microvessels and

dilate narrow and occluded capillaries (133), and all of these

effects are conducive to the repair of DFUs and the formation

of granulation tissue.
VSD maintains wound surface
moisture and cleanliness and prevents
bacterial growth

Ning et al. (134) found that VSD helps remove necrotic tissue

from DFUs and soluble inflammatory mediators that locally inhibit

cell proliferation. During the aspiration of ulcer tissue fluid,

unfavorable cytokines and enzymes that hinder healing are also

removed. VSD promotes proliferation of the lymphatic network

in DFU periwound tissue, and the combined effect of these

actions can transform DFUs into a positive and conducive

environment for wound healing (135). Scholarly research has
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studied the bacterial concentrations in DFU patients treated with

either VSD (treatment group) or saline gauze (control group)

and found a difference in these bacterial concentrations between

the two groups, with the VSD group showing significantly fewer

gram-negative cocci than the saline gauze group (136). These

studies show that VSD plays a significant role in controlling

DFU infection and reducing the number of bacteria, and

research into biofilms and defenses will likely be important

research directions in the future (137).
VSD reduces the inter-tissue pressure
and stimulates growth factors

The negative-pressure suction of VSD can reduce the inter-

tissue pressure, including the partial pressure of oxygen around

a DFU-induced lesion, and stimulate signaling to initiate repair

(138). VSD can indirectly affect the levels of repair factors in

DFUs via inter-tissue pressure and oxygen partial pressure,

which stimulates growth factors and promotes the healing of

DFUs. Treatment with VSD has been shown to result in a

higher rate of DFU healing, faster healing, and a reduced need

for amputation compared with standard therapy (112). VSD

therapy is not only safer and more clinically effective than

advanced moist-wound therapy in the treatment of DFUs but

also provides better control of complications and reduces the

likelihood of infection (139). Compared with standard wound

dressings, VSD reduces the granulation time of wounds after

DFU amputation by 40%, resulting in 90% granulation being

achieved within a shorter period and fewer complications (140).

The negative pressure of VSD can reduce the pressure between

DFU tissues and decrease the partial pressure of oxygen around

a wound (141). VSD stimulates signals that initiate repair,

accelerates the removal of DFU necrotic tissue, and induces the

secretion of fibrin activators (142). Fibrinolysis in DFUs

enhances the deposition of collagen and creates an environment

that accelerates fibrinolysis, which promotes autolytic

debridement (143, 144).
Revolutionary changes to the VSD
system can reduce DFU neuropathy

Dysfunctional vascular endothelial cells and vascular smooth

muscle cells cause a reduced vasodilatory capacity in diabetic

patients; moreover, microvascular diastolic function associated

with neuraxial reflexes is also impaired in diabetic patients, and

vasodilation and impaired neuraxial reflexes have been

increasingly recognized as important factors that make the

healing of secondary ulcers in diabetes difficult (145, 146). VSD

expands the outcome of traditional tubular punctiform drainage

into a full range of continuous negative-pressure drainage

outcomes, which can lead to the timely draining of necrotic

tissue debris and inflammatory exudate from DFUs (147), and

these effects minimize the accumulation of bacteria and toxic

decomposition products produced by necrotic tissue in DFUs
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and produce a “zero accumulation” state that is more effective

for controlling infection (148). Scholars have found that the

application of VSD to patients with DFUs improves the nerve

conduction velocity and reduces neuropathy in patients and that

optimized VSD is more effective in improving neuropathy, which

may be related to regulating the level of oxidative stress and

promoting vascularization of the DFUs (149). Moreover, closure

of the semipermeable adhesive film can isolate the drainage area

from the outside environment and thus prevent DFU infection

(150). Moist DFUs under an airtight dressing are more easily

infiltrated by polymorphonuclear cells than dry DFUs after a

traditional dressing is changed and covered by gauze, which

provides a good local environment for immune cells to

phagocytose and kill bacteria and thus facilitates the prevention

of DFU infection and promotes healing (151). Moreover, the

mechanical tension produced by continuous high negative-

pressure suction can cause the layers of a DFU tissue section,

which are always attached to each other, to exert a natural

physical pulling force on the edges of the DFUs and promote

healing (152), which explains why VSD can transform a chronic

DFU into a normally healing wound.
Conclusion and prospects

VSD is effective in treating DFUs in the clinic, and the

literature evaluates the clinical effects of VSD. VSD can improve

the peripheral arterial perfusion of DFUs, reduce tissue edema,

and increase vascular permeability. The mechanical stress

generated by VSD can effectively promote cell proliferation and

tissue repair, stimulate the expression of factors for DFU repair,

reduce neuropathy, stimulate the growth of granulation tissue,

and promote the healing of DFUs.

However, the specific molecular mechanism by which VSD

promotes DFU healing is unclear. We performed a

bioinformatics analysis of the results from the tissue sequencing

of VSD-treated DFUs and integrated the genes and signaling

pathways analyzed using bioinformatics techniques with the

literature. The resulting review revealed that VSD can promote

DFU healing by decreasing the level of ferroptosis and regulating

the TNF, Wnt/β-catenin, and NF-κB signaling pathways to

promote healing. Ferroptosis is the most highly enriched

molecular mechanism identified by bioinformatics. System Xc-

GSH-GPX4 and NAD(P)H-CoQ10-FSP1 are two important axes

through which VSD promotes healing in DFUs, which may be

new signaling axes that should be investigated in the future for

the treatment of DFUs with VSD.

The in-depth investigation of the mechanism of action of VSD

in promoting DFU healing is very important. However, this work

still has many shortcomings; for example, we did not analyze the

molecular biology characteristics of DFU wound repair at

different stages and did not carry out any further validation by

histology. Nevertheless, our work is sufficient to show that VSD

is a promising strategy to promote DFU healing and can provide

a molecular biology reference.
frontiersin.org

https://doi.org/10.3389/fsurg.2024.1265360
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/


Lu et al. 10.3389/fsurg.2024.1265360
Author contributions

YL: Writing – original draft, Writing – review & editing. DZ:

Writing – original draft, Writing – review & editing. GC:

Writing – original draft, Writing – review & editing. SY: Writing

– original draft, Writing – review & editing. CL: Writing –

original draft, Writing – review & editing. RS: Writing – original

draft, Writing – review & editing. JM: Writing – review &

editing. RS: Writing – review & editing. ZW: Writing – original

draft. JL: Writing – review & editing. PW: Writing – review &

editing. YW: Writing – original draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.

This work was supported by grants from the National

Natural Science Foundation of China (No. 81972947), the Key

Research and Development Program of Shandong Province of

China (No. 2019GSF108128), the Shandong Province Natural

Science Foundation (Major Basic Research Program)

(No. ZR2019ZD38), the Academic Promotion Program of

Shandong First Medical University (No. 2019LJ005), and the
Frontiers in Surgery 11
Social Science Planning and Research Project of Shandong

Province (No. 21CTQJ08).
Acknowledgments

The authors acknowledge Cell Signaling and BioRender and
thank Cindy for the ideas used to draw the line graphs.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Hu C, Li D, Pang Z, Li H, Dongye Y, Wu J. Effect of vacuum sealing drainage on
expressions of transforming growth factor Β (1) and its receptor in diabetic foot
wound. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi. (2018) 32(8):1061–5. doi: 10.
7507/1002-1892.201802024

2. Ji P, Zhang Y, Hu DH, Zhang Z, Li XQ, Tong L, et al. Clinical effects of combined
application of skin-stretching device and vacuum sealing drainage in repairing the
diabetic foot wounds. Zhonghua Shao Shang Za Zhi. (2020) 36(11):1035–9. doi: 10.
3760/cma.j.cn501120-20200621-00318

3. Huang Q, Wang JT, Gu HC, Cao G, Cao JC. Comparison of vacuum sealing
drainage and traditional therapy for treatment of diabetic foot ulcers: a meta-
analysis. J Foot Ankle Surg. (2019) 58(5):954–8. doi: 10.1053/j.jfas.2018.12.020

4. Karaa A, Goldstein A. The Spectrum of clinical presentation, diagnosis, and
management of mitochondrial forms of diabetes. Pediatr Diabetes. (2015) 16(1):1–9.
doi: 10.1111/pedi.12223

5. Doumas M, Imprialos K, Stavropoulos K, Athyros VG. Pharmacological
management of type 2 diabetes complications. Curr Vasc Pharmacol. (2020) 18
(2):101–3. doi: 10.2174/157016111802200101155519

6. Morris A. New test for diabetes insipidus. Nat Rev Endocrinol. (2019) 15
(10):564–5. doi: 10.1038/s41574-019-0247-x

7. Dos Santos JM, Tewari S, Mendes RH. The role of oxidative stress in the
development of diabetes mellitus and its complications. J Diabetes Res. (2019)
2019:4189813. doi: 10.1155/2019/4189813

8. Cole JB, Florez JC. Genetics of diabetes mellitus and diabetes complications. Nat
Rev Nephrol. (2020) 16(7):377–90. doi: 10.1038/s41581-020-0278-5

9. Pomatto M, Gai C, Negro F, Cedrino M, Grange C, Ceccotti E, et al. Differential
therapeutic effect of extracellular vesicles derived by bone marrow and adipose
mesenchymal stem cells on wound healing of diabetic ulcers and correlation to
their cargoes. Int J Mol Sci. (2021) 22(8):3851. doi: 10.3390/ijms22083851

10. Alavi A, Sibbald RG, Mayer D, Goodman L, Botros M, Armstrong DG, et al.
Diabetic foot ulcers: part I. Pathophysiology and prevention. J Am Acad Dermatol.
(2014) 70(1):1.e–18. doi: 10.1016/j.jaad.2013.06.055

11. Baijiang T, Ke S, Guangping L, Guoliang H, Hong Y, Hongmei Y, et al.
Application of modified closed negative pressure drainage therapy in the treatment
of refractory wounds. Chin J Injury Repair (Electronic Version). (2015) 10
(03):236–8. doi: 10.3877/cma.j.issn.1673-9450.2015.03.011
12. Chuan C, Yuncheng W. Mechanism of action of wound closure and negative
pressure drainage technique to promote wound healing. Med Equip. (2017) 30
(05):198–9. doi: 10.3969/j.issn.1002-2376.2017.05.135

13. Pan X, Wang G, Lui TH. Transplantation treatment of extensive soft-tissue
defects in lower extremities with a combination of cross-bridge flap and combined
free-tissue flap covered by vacuum sealing drainage: one case report. Open Orthop J.
(2017) 11:704–13. doi: 10.2174/1874325001711010704

14. Luo QH, Chengliang Z, Changjun Z, Yuhe B, Yuan R, Shuquan Z. Comparative
analysis of traditional drainage technique and negative pressure closed suction
technique in the treatment of orthopaedic trauma infection. Chin J Int Chin West
Med Surg. (2015) 21(05):469–71. doi: 10.3969/j.issn.1007-6948.2015.05.009

15. Galluzzi L, Vitale I, Abrams JM, Alnemri ES, Baehrecke EH, Blagosklonny MV,
et al. Molecular definitions of cell death subroutines: recommendations of the
nomenclature committee on cell death 2012. Cell Death Differ. (2012) 19(1):107–20.
doi: 10.1038/cdd.2011.96

16. Distéfano AM, Martin MV, Córdoba JP, Bellido AM, D’Ippólito S, Colman SL,
et al. Heat stress induces ferroptosis-like cell death in plants. J Cell Biol. (2017) 216
(2):463–76. doi: 10.1083/jcb.201605110

17. Jia Z, Liu L, Zhang S, Zhao X, Luo L, Tang Y, et al. Proteomics changes after
negative pressure wound therapy in diabetic foot ulcers. Mol Med Rep. (2021) 24
(6):834. doi: 10.3892/mmr.2021.12474

18. Man GX, Xuejing D, Zihui J. Effectiveness and mechanism of nano-silver
dressing filling combined with negative pressure technique in the treatment of
diabetic foot ulcers infected with pseudomonas aeruginosa. Chin J Hosp Infect.
(2022) 32:1032–6.

19. Wu L, Tian X, Zuo H, Zheng W, Li X, Yuan M, et al. Mir-124-3p delivered
by exosomes from heme oxygenase-1 modified bone marrow mesenchymal
stem cells inhibits ferroptosis to attenuate ischemia-reperfusion injury in
steatotic grafts. J Nanobiotechnology. (2022) 20(1):196. doi: 10.1186/s12951-022-
01407-8

20. Normandin S, Safran T, Winocour S, Chu CK, Vorstenbosch J, Murphy AM,
et al. Negative pressure wound therapy: mechanism of action and clinical
applications. Semin Plast Surg. (2021) 35(3):164–70. doi: 10.1055/s-0041-1731792

21. Wynn M, Freeman S. The efficacy of negative pressure wound therapy for
diabetic foot ulcers: a systematised review. J Tissue Viability. (2019) 28(3):152–60.
doi: 10.1016/j.jtv.2019.04.001
frontiersin.org

https://doi.org/10.7507/1002-1892.201802024
https://doi.org/10.7507/1002-1892.201802024
https://doi.org/10.3760/cma.j.cn501120-20200621-00318
https://doi.org/10.3760/cma.j.cn501120-20200621-00318
https://doi.org/10.1053/j.jfas.2018.12.020
https://doi.org/10.1111/pedi.12223
https://doi.org/10.2174/157016111802200101155519
https://doi.org/10.1038/s41574-019-0247-x
https://doi.org/10.1155/2019/4189813
https://doi.org/10.1038/s41581-020-0278-5
https://doi.org/10.3390/ijms22083851
https://doi.org/10.1016/j.jaad.2013.06.055
https://doi.org/10.3877/cma.j.issn.1673-9450.2015.03.011
https://doi.org/10.3969/j.issn.1002-2376.2017.05.135
https://doi.org/10.2174/1874325001711010704
https://doi.org/10.3969/j.issn.1007-6948.2015.05.009
https://doi.org/10.1038/cdd.2011.96
https://doi.org/10.1083/jcb.201605110
https://doi.org/10.3892/mmr.2021.12474
https://doi.org/10.1186/s12951-022-01407-8
https://doi.org/10.1186/s12951-022-01407-8
https://doi.org/10.1055/s-0041-1731792
https://doi.org/10.1016/j.jtv.2019.04.001
https://doi.org/10.3389/fsurg.2024.1265360
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/


Lu et al. 10.3389/fsurg.2024.1265360
22. Tang B, Yan R, Zhu J, Cheng S, Kong C, Chen W, et al. Integrative analysis of the
molecular mechanisms, immunological features and immunotherapy response of
ferroptosis regulators across 33 cancer types. Int J Biol Sci. (2022) 18(1):180–98.
doi: 10.7150/ijbs.64654

23. Borys S, Hohendorff J, Frankfurter C, Kiec-Wilk B, Malecki MT. Negative
pressure wound therapy use in diabetic foot syndrome-from mechanisms of action
to clinical practice. Eur J Clin Invest. (2019) 49(4):e13067. doi: 10.1111/eci.13067

24. Wang T, Fan L, Liu J, Tao Y, Li X, Wang X, et al. Negative pressure wound
therapy promotes wound healing by inhibiting inflammation in diabetic foot
wounds: a role for Nod1 receptor. Int J Low Extrem Wounds. (2022) 10
(11):15347346221131844. doi: 10.1177/15347346221131844

25. Ludwig-Slomczynska AH, Borys S, Seweryn MT, Hohendorff J, Kapusta P, Kiec-
Wilk B, et al. DNA methylation analysis of negative pressure therapy effect in diabetic
foot ulcers. Endocr Connect. (2019) 8(11):1474–82. doi: 10.1530/EC-19-0373

26. Velusamy P, Mohan T, Ravi DB, Kishore Kumar SN, Srinivasan A, Chakrapani
LN, et al. Targeting the Nrf2/are signalling pathway to mitigate isoproterenol-induced
cardiac hypertrophy: plausible role of hesperetin in redox homeostasis. Oxid Med Cell
Longev. (2020) 2020:9568278. doi: 10.1155/2020/9568278

27. Xu H, Ye D, Ren M, Zhang H, Bi F. Ferroptosis in the tumor microenvironment:
perspectives for immunotherapy. Trends Mol Med. (2021) 27(9):856–67. doi: 10.1016/
j.molmed.2021.06.014

28. Magtanong L, Ko PJ, Dixon SJ. Emerging roles for lipids in non-apoptotic cell
death. Cell Death Differ. (2016) 23(7):1099–109. doi: 10.1038/cdd.2016.25

29. Bogacz M, Krauth-Siegel RL. Tryparedoxin peroxidase-deficiency commits
trypanosomes to ferroptosis-type cell death. Elife. (2018) 7:e37503. doi: 10.7554/
eLife.37503

30. Eagle H. Nutrition needs of mammalian cells in tissue culture. Science. (1955)
122(3168):501–14. doi: 10.1126/science.122.3168.501

31. Schwartz AJ, Das NK, Ramakrishnan SK, Jain C, Jurkovic MT, Wu J, et al.
Hepatic hepcidin/intestinal Hif-2α axis maintains iron absorption during iron
deficiency and overload. J Clin Invest. (2019) 129(1):336–48. doi: 10.1172/jci122359

32. Mittler R. Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci.
(2002) 7(9):405–10. doi: 10.1016/s1360-1385(02)02312-9

33. Reichert CO, da Cunha J, Levy D, Maselli LMF, Bydlowski SP, Spada C.
Hepcidin: homeostasis and diseases related to iron metabolism. Acta Haematol.
(2017) 137(4):220–36. doi: 10.1159/000471838

34. Shen Q, Liang M, Yang F, Deng YZ, Naqvi NI. Ferroptosis contributes to
developmental cell death in rice blast. New Phytol. (2020) 227(6):1831–46. doi: 10.
1111/nph.16636

35. Zhou B, Liu J, Kang R, Klionsky DJ, Kroemer G, Tang D. Ferroptosis is a type of
autophagy-dependent cell death. Semin Cancer Biol. (2020) 66:89–100. doi: 10.1016/j.
semcancer.2019.03.002

36. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE,
et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. (2012)
149(5):1060–72. doi: 10.1016/j.cell.2012.03.042

37. Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms and
health implications. Cell Res. (2021) 31(2):107–25. doi: 10.1038/s41422-020-00441-1

38. Dolma S, Lessnick SL, HahnWC, Stockwell BR. Identification of genotype-selective
antitumor agents using synthetic lethal chemical screening in engineered human tumor
cells. Cancer Cell. (2003) 3(3):285–96. doi: 10.1016/s1535-6108(03)00050-3

39. Lei G, Mao C, Yan Y, Zhuang L, Gan B. Ferroptosis, radiotherapy, and
combination therapeutic strategies. Protein Cell. (2021) 12(11):836–57. doi: 10.1007/
s13238-021-00841-y

40. Shen L, Lin D, Li X, Wu H, Lenahan C, Pan Y, et al. Ferroptosis in acute central
nervous system injuries: the future direction? Front Cell Dev Biol. (2020) 8:594. doi: 10.
3389/fcell.2020.00594

41. Jiang L, Wang J, Wang K, Wang H, Wu Q, Yang C, et al. Rnf217 regulates iron
homeostasis through its E3 ubiquitin ligase activity by modulating ferroportin
degradation. Blood. (2021) 138(8):689–705. doi: 10.1182/blood.2020008986

42. Lin W, Wang C, Liu G, Bi C, Wang X, Zhou Q, et al. Slc7a11/Xct in cancer:
biological functions and therapeutic implications. Am J Cancer Res. (2020) 10
(10):3106–26. PMID: 33163260.

43. Mohseni S, Aalaa M, Atlasi R, Mohajeri Tehrani MR, Sanjari M, Amini MR. The
effectiveness of negative pressure wound therapy as a novel management of diabetic
foot ulcers: an overview of systematic reviews. J Diabetes Metab Disord. (2019) 18
(2):625–41. doi: 10.1007/s40200-019-00447-6

44. Zhang S, Xu J, Si H, Wu Y, Zhou S, Shen B. The role played by ferroptosis in
osteoarthritis: evidence based on iron dyshomeostasis and lipid peroxidation.
Antioxidants (Basel). (2022) 11(9):1668. doi: 10.3390/antiox11091668

45. Yang K, Zeng L, Yuan X, Wang S, Ge A, Xu H, et al. The mechanism of
ferroptosis regulating oxidative stress in ischemic stroke and the regulation
mechanism of natural pharmacological active components. Biomed Pharmacother.
(2022) 154:113611. doi: 10.1016/j.biopha.2022.113611

46. Stockwell BR. A powerful cell-protection system prevents cell death by
ferroptosis. Nature. (2019) 575(7784):597–8. doi: 10.1038/d41586-019-03145-8
Frontiers in Surgery 12
47. Cai W, Liu L, Shi X, Liu Y, Wang J, Fang X, et al. Alox15/15-hpete
aggravates myocardial ischemia-reperfusion injury by promoting cardiomyocyte
ferroptosis. Circulation. (2023) 147(19):1444–60. doi: 10.1161/CIRCULATIONAHA.
122.060257

48. Zheng J, Conrad M. The metabolic underpinnings of ferroptosis. Cell Metab.
(2020) 32(6):920–37. doi: 10.1016/j.cmet.2020.10.011

49. Yang S-L, Han R, Liu Y, Hu L-Y, Li X-L, Zhu L-Y. Negative pressure wound
therapy is associated with up-regulation of Bfgf and Erk1/2 in human diabetic foot
wounds. Wound Repair Regen. (2014) 22(4):548–54. doi: 10.1111/wrr.12195

50. Dixon SJ, Stockwell BR. The role of iron and reactive oxygen species in cell
death. Nat Chem Biol. (2014) 10(1):9–17. doi: 10.1038/nchembio.1416

51. Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon SJ,
et al. Ferroptosis: a regulated cell death nexus linking metabolism, redox biology,
and disease. Cell. (2017) 171(2):273–85. doi: 10.1016/j.cell.2017.09.021

52. Sun X, Niu X, Chen R, He W, Chen D, Kang R, et al. Metallothionein-1 g
facilitates sorafenib resistance through inhibition of ferroptosis. Hepatology. (2016)
64(2):488–500. doi: 10.1002/hep.28574

53. Gao M, Monian P, Pan Q, Zhang W, Xiang J, Jiang X. Ferroptosis is
an autophagic cell death process. Cell Res. (2016) 26(9):1021–32. doi: 10.1038/cr.
2016.95

54. Li R, Zhang J, Zhou Y, Gao Q, Wang R, Fu Y, et al. Transcriptome investigation
and in vitro verification of curcumin-induced Ho-1 as a feature of ferroptosis in breast
cancer cells. Oxid Med Cell Longevity. (2020) 2020:3469840. doi: 10.1155/2020/
3469840

55. Karam RA, Rezk NA, Abdel Rahman TM, Al Saeed M. Effect of negative
pressure wound therapy on molecular markers in diabetic foot ulcers. Gene. (2018)
667:56–61. doi: 10.1016/j.gene.2018.05.032

56. Kapusta P, Konieczny PS, Hohendorff J, Borys S, Totoń-Żurańska J, Kieć-Wilk
BM, et al. Negative pressure wound therapy affects circulating plasma micrornas in
patients with diabetic foot ulceration. Diabetes Res Clin Pract. (2020) 165:108251.
doi: 10.1016/j.diabres.2020.108251

57. Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, Ingold I, et al. Fsp1 is a
glutathione-independent ferroptosis suppressor. Nature. (2019) 575(7784):693–8.
doi: 10.1038/s41586-019-1707-0

58. Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH, et al. The coq
oxidoreductase Fsp1 acts parallel to Gpx4 to inhibit ferroptosis. Nature (2019) 575
(7784):688–92. doi: 10.1038/s41586-019-1705-2

59. Li S, Li Y, Wu Z, Wu Z, Fang H. Diabetic ferroptosis plays an important role in
triggering on inflammation in diabetic wound. Am J Physiol Endocrinol Metab. (2021)
321(4):E509–e20. doi: 10.1152/ajpendo.00042.2021

60. Yang XD, Yang YY. Ferroptosis as a novel therapeutic target for diabetes and its
complications. Front Endocrinol (Lausanne). (2022) 13:853822. doi: 10.3389/fendo.
2022.853822

61. Feng J, Wang J, Wang Y, Huang X, Shao T, Deng X, et al. Oxidative stress and
lipid peroxidation: prospective associations between ferroptosis and delayed wound
healing in diabetic ulcers. Front Cell Dev Biol. (2022) 10:898657. doi: 10.3389/fcell.
2022.898657

62. Chen L, Wu D, Zhou L, Ye Y. Platelet-rich plasma promotes diabetic ulcer repair
through inhibition of ferroptosis. Ann Transl Med. (2022) 10(20):1121. doi: 10.21037/
atm-22-4654

63. Mishra SC, Chhatbar KC, Kashikar A, Mehndiratta A. Diabetic foot. Br Med J.
(2017) 359:j5064. doi: 10.1136/bmj.j5064

64. Yuan W, Xia H, Xu Y, Xu C, Chen N, Shao C, et al. The role of ferroptosis in
endothelial cell dysfunction. Cell Cycle. (2022) 21(18):1897–914. doi: 10.1080/
15384101.2022.2079054

65. Yang Y, Lin Y, Wang M, Yuan K, Wang Q, Mu P, et al. Targeting ferroptosis
suppresses osteocyte glucolipotoxicity and alleviates diabetic osteoporosis. Bone Res.
(2022) 10(1):26. doi: 10.1038/s41413-022-00198-w

66. Lim JZ, Ng NS, Thomas C. Prevention and treatment of diabetic foot ulcers. J
R Soc Med. (2017) 110(3):104–9. doi: 10.1177/0141076816688346

67. Meng Z, Liang H, Zhao J, Gao J, Liu C, Ma X, et al. Hmox1 upregulation
promotes ferroptosis in diabetic atherosclerosis. Life Sci. (2021) 284:119935. doi: 10.
1016/j.lfs.2021.119935

68. Sinwar PD. The diabetic foot management—recent advance. Int J Surg. (2015)
15:27–30. doi: 10.1016/j.ijsu.2015.01.023

69. Wang Y, Bi R, Quan F, Cao Q, Lin Y, Yue C, et al. Ferroptosis involves in renal
tubular cell death in diabetic nephropathy. Eur J Pharmacol. (2020) 888:173574.
doi: 10.1016/j.ejphar.2020.173574

70. Wang X, Jiang G, Zong J, Lv D, Lu M, Qu X, et al. Revealing the novel
ferroptosis-related therapeutic targets for diabetic foot ulcer based on the machine
learning. Front Genet. (2022) 13:944425. doi: 10.3389/fgene.2022.944425

71. Luthfiana D, Utomo DH. Network pharmacology reveals the potential of
dolastatin 16 as a diabetic wound healing agent. In Silico Pharmacol. (2023) 11
(1):23. doi: 10.1007/s40203-023-00161-5
frontiersin.org

https://doi.org/10.7150/ijbs.64654
https://doi.org/10.1111/eci.13067
https://doi.org/10.1177/15347346221131844
https://doi.org/10.1530/EC-19-0373
https://doi.org/10.1155/2020/9568278
https://doi.org/10.1016/j.molmed.2021.06.014
https://doi.org/10.1016/j.molmed.2021.06.014
https://doi.org/10.1038/cdd.2016.25
https://doi.org/10.7554/eLife.37503
https://doi.org/10.7554/eLife.37503
https://doi.org/10.1126/science.122.3168.501
https://doi.org/10.1172/jci122359
https://doi.org/10.1016/s1360-1385(02)02312-9
https://doi.org/10.1159/000471838
https://doi.org/10.1111/nph.16636
https://doi.org/10.1111/nph.16636
https://doi.org/10.1016/j.semcancer.2019.03.002
https://doi.org/10.1016/j.semcancer.2019.03.002
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1016/s1535-6108(03)00050-3
https://doi.org/10.1007/s13238-021-00841-y
https://doi.org/10.1007/s13238-021-00841-y
https://doi.org/10.3389/fcell.2020.00594
https://doi.org/10.3389/fcell.2020.00594
https://doi.org/10.1182/blood.2020008986
https://doi.org/10.1007/s40200-019-00447-6
https://doi.org/10.3390/antiox11091668
https://doi.org/10.1016/j.biopha.2022.113611
https://doi.org/10.1038/d41586-019-03145-8
https://doi.org/10.1161/CIRCULATIONAHA.122.060257
https://doi.org/10.1161/CIRCULATIONAHA.122.060257
https://doi.org/10.1016/j.cmet.2020.10.011
https://doi.org/10.1111/wrr.12195
https://doi.org/10.1038/nchembio.1416
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1002/hep.28574
https://doi.org/10.1038/cr.2016.95
https://doi.org/10.1038/cr.2016.95
https://doi.org/10.1155/2020/3469840
https://doi.org/10.1155/2020/3469840
https://doi.org/10.1016/j.gene.2018.05.032
https://doi.org/10.1016/j.diabres.2020.108251
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1152/ajpendo.00042.2021
https://doi.org/10.3389/fendo.2022.853822
https://doi.org/10.3389/fendo.2022.853822
https://doi.org/10.3389/fcell.2022.898657
https://doi.org/10.3389/fcell.2022.898657
https://doi.org/10.21037/atm-22-4654
https://doi.org/10.21037/atm-22-4654
https://doi.org/10.1136/bmj.j5064
https://doi.org/10.1080/15384101.2022.2079054
https://doi.org/10.1080/15384101.2022.2079054
https://doi.org/10.1038/s41413-022-00198-w
https://doi.org/10.1177/0141076816688346
https://doi.org/10.1016/j.lfs.2021.119935
https://doi.org/10.1016/j.lfs.2021.119935
https://doi.org/10.1016/j.ijsu.2015.01.023
https://doi.org/10.1016/j.ejphar.2020.173574
https://doi.org/10.3389/fgene.2022.944425
https://doi.org/10.1007/s40203-023-00161-5
https://doi.org/10.3389/fsurg.2024.1265360
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/


Lu et al. 10.3389/fsurg.2024.1265360
72. Zhang M, Li Z, Wang J, Wu Q, Wen H. Effects of vacuum sealing drainage
combined with irrigation of oxygen loaded fluid on chronic wounds in diabetic
patients. Zhonghua Shao Shang Za Zhi. (2014) 30(2):116–23. doi: 10.3760/cma.j.
issn.1009-2587.2014.02.005

73. E C JRL. Mechanism of negative pressure closed drainage device to promote
wound healing and the progress of clinical application in China. Sichuan Med.
(2013) 34(10):1667–9. doi: 10.16252/j.cnki.issn1004-0501-2013.10.060

74. Yongpan L, Ming L, Liang D, Bo Z, Hejun W. Research progress on the
mechanism of negative pressure closed drainage technique to promote wound
healing. Chin J Int Chin Western Med Surg. (2018) 24(01):121–4. doi: 10.3969/j.issn.
1007-6948.2018.01.033

75. Xuyan Z, Zhongjing W, Sheng D, Li L, Minxian S Efficacy of Closed Negative
Pressure drainage in treating diabetic foot ulcers and its effect on Vegf, Mmp-2 and
Timp-1. Chin J Gerontol. (2018) 38(06):1289–91. doi: 10.3969/j.issn.1005-9202.2018.
06.004

76. Serra R, Gallelli L, Butrico L, Buffone G, Caliò FG, De Caridi G, et al. From
varices to venous ulceration: the story of chronic venous disease described by
metalloproteinases. Int Wound J. (2017) 14(1):233–40. doi: 10.1111/iwj.12594

77. Yifei W, Shoumei W, Cao X, F-L L, Xin L, Rong X, et al. Effects of the method of
removing stasis and generating muscle on the expression of Mmp-8 and Mmp-13 in
diabetic rats’ skin ulcer wounds. Chin J Tradit Chin Med. (2013) 28(11):3354–8.

78. Huang JF, Du WX, Chen JJ. Elevated expression of matrix metalloproteinase-3
in human osteosarcoma and its association with tumor metastasis. J Buon. (2016) 21
(1):235–43. PMID: 27837634.

79. Qi JH, Anand-Apte B. Tissue inhibitor of metalloproteinase-3 (Timp3)
promotes endothelial apoptosis via a caspase-independent mechanism. Apoptosis.
(2015) 20(4):523–34. doi: 10.1007/s10495-014-1076-y

80. Liu CT, Bi KW, Huang CC, Wu HT, Ho HY, Pang JH, et al. Davallia bilabiata
exhibits anti-angiogenic effect with modified Mmp-2/Timp-2 secretion and inhibited
vegf ligand/receptors expression in vascular endothelial cells. J Ethnopharmacol.
(2017) 196:213–24. doi: 10.1016/j.jep.2016.12.019

81. Ho PC, Tsui YC, Feng X, Greaves DR, Wei LN. Nf-Κb-Mediated degradation of
the coactivator Rip140 regulates inflammatory responses and contributes to endotoxin
tolerance. Nat Immunol. (2012) 13(4):379–86. doi: 10.1038/ni.2238

82. Mishra R, Sehring I, Cederlund M, Mulaw M, Weidinger G. Nf-Κb signaling
negatively regulates osteoblast dedifferentiation during zebrafish bone regeneration.
Dev Cell. (2020) 52(2):167–82.e7. doi: 10.1016/j.devcel.2019.11.016

83. Pflug KM, Sitcheran R. Targeting Nf-Κb-inducing kinase (Nik) in immunity,
inflammation, and cancer. Int J Mol Sci. (2020) 21(22):8470. doi: 10.3390/
ijms21228470

84. Fan H, Sun B, Gu Q, Lafond-Walker A, Cao S, Becker LC. Oxygen radicals
trigger activation of Nf-Kappab and Ap-1 and upregulation of Icam-1 in reperfused
canine heart. Am J Physiol Heart Circ Physiol. (2002) 282(5):H1778–86. doi: 10.
1152/ajpheart.00796.2000

85. Song H, Xu Y, Chang W, Zhuang J, Wu X. Negative pressure wound therapy
promotes wound healing by suppressing macrophage inflammation in diabetic
ulcers. Regen Med. (2020) 15(12):2341–9. doi: 10.2217/rme-2020-0050

86. Xinyi L, Wenjing L, Zheyu T. Progress of negative pressure wound therapy
technique in geriatric diabetic foot ulcers. Geriatric Geriatric’s. (2021) 35:3–6.
doi: 10.3969/j.issn.1003-9198.2021.01.002

87. Borys S, Ludwig-Slomczynska AH, Seweryn M, Hohendorff J, Koblik T,
Machlowska J, et al. Negative pressure wound therapy in the treatment of diabetic
foot ulcers may be mediated through differential gene expression. Acta Diabetol.
(2019) 56(1):115–20. doi: 10.1007/s00592-018-1223-y

88. Chiang N, Rodda OA, Sleigh J, Vasudevan T. Effects of topical negative pressure
therapy on tissue oxygenation and wound healing in vascular foot wounds. J Vasc
Surg. (2017) 66(2):564–71. doi: 10.1016/j.jvs.2017.02.050

89. Ambrozova N, Ulrichova J, Galandakova A. Models for the study of skin wound
healing. The role of Nrf2 and Nf-Κb. Biomed Pap Med Fac Univ Palacky Olomouc
Czech Repub. (2017) 161(1):1–13. doi: 10.5507/bp.2016.063

90. Ruzehaji N, Mills SJ, Melville E, Arkell R, Fitridge R, Cowin AJ. The influence of
flightless I on toll-like-receptor-mediated inflammation in a murine model of diabetic
wound healing. Biomed Res Int. (2013) 2013:389792. doi: 10.1155/2013/389792

91. Shibata A, Nagaya T, Imai T, Funahashi H, Nakao A, Seo H. Inhibition of Nf-
Kappab activity decreases the Vegf Mrna expression in Mda-Mb-231 breast cancer
cells. Breast Cancer Res Treat. (2002) 73(3):237–43. doi: 10.1023/a:1015872531675

92. Yang HL, Tsai YC, Korivi M, Chang CT, Hseu YC. Lucidone promotes the
cutaneous wound healing process via activation of the Pi(3)K/Akt, Wnt/Β-catenin
and Nf-Κb signaling pathways. Biochim Biophys Acta Mol Cell Res. (2017) 1864
(1):151–68. doi: 10.1016/j.bbamcr.2016.10.021

93. Ma B, Hottiger MO. Crosstalk between wnt/Β-catenin and nf-Κb signaling
pathway during inflammation. Front Immunol. (2016) 7:378. doi: 10.3389/fimmu.
2016.00378

94. Vilchez V, Turcios L, Marti F, Gedaly R. Targeting wnt/Β-catenin pathway in
hepatocellular carcinoma treatment. World J Gastroenterol. (2016) 22(2):823–32.
doi: 10.3748/wjg.v22.i2.823
Frontiers in Surgery 13
95. Nejak-Bowen K, Kikuchi A, Monga SP. Beta-Catenin-Nf-Κb interactions in
murine hepatocytes: a Complex to die for. Hepatology. (2013) 57(2):763–74. doi: 10.
1002/hep.26042

96. Du Q, Geller DA. Cross-regulation between Wnt and Nf-Κb signaling pathways.
For Immunopathol Dis Therap. (2010) 1(3):155–81. doi: 10.1615/
ForumImmunDisTher.v1.i3

97. Yanan Z, Ming L, Jianliang W, Yudong Z, Bin W, Yue Z, et al.. Role of Wnt/Β-
Catenin pathway and Nf-Κb pathway in mutual regulation of wound healing. Chin J
Pathophysiol. (2018) 34(07):1339–44. doi: 10.3969/j.issn.1000-4718.2018.07.031

98. Lijun S, Xianfeng Z, Han C. Clinical efficacy of negative pressure closed drainage
combined with traditional Chinese medicine dressing in the treatment of diabetic foot
ulcers and its effect on wound healing, angiogenesis index, Igf-1 and Pedf. Chin Med
Res. (2021) 34:44–7.

99. Jia Z. Mass spectrometry-based quantitative proteomics analysis to explore the
effect of negative pressure wound therapy on diabetic foot ulcer healing. Anhui
Med Univ. (2021) 2021:1–64. doi: 10.26921/d.cnki.ganyu.2021.001240

100. Fan Y, Ning Y, Tianping C, Xiangyun L, Jian Z, Zhao W, et al.. Effect of
ultrasonic debridement knife combined with negative pressure trauma system in
treating diabetic foot ulcer and its mechanism. J Pract Med. (2018) 34:1239–43.
doi: 10.3969/j.issn.1006-5725.2018.08.005

101. Schaale K, Neumann J, Schneider D, Ehlers S, Reiling N. Wnt signaling in
macrophages: augmenting and inhibiting mycobacteria-induced inflammatory
responses. Eur J Cell Biol. (2011) 90(6-7):553–9. doi: 10.1016/j.ejcb.2010.11.004

102. Malla RR, Kiran P. Tumor microenvironment pathways: cross regulation in
breast cancer metastasis. Genes Dis. (2022) 9(2):310–24. doi: 10.1016/j.gendis.2020.
11.015

103. Eble JA, Niland S. The extracellular matrix of blood vessels. Curr Pharm Des.
(2009) 15(12):1385–400. doi: 10.2174/138161209787846757

104. Krüger-Genge A, Fuhrmann R, Jung F, Franke RP. Effects of different
components of the extracellular matrix on endothelialization. Clin Hemorheol
Microcirc. (2016) 64(4):867–74. doi: 10.3233/ch-168051

105. Poon R, Nik SA, Ahn J, Slade L, Alman BA. Beta-catenin and transforming
growth factor beta have distinct roles regulating fibroblast cell motility and the
induction of collagen lattice contraction. BMC Cell Biol. (2009) 10:38. doi: 10.1186/
1471-2121-10-38

106. Smuđ-Orehovec S, Mance M, Halužan D, Vrbanović-Mijatović V, Mijatović D.
Defect reconstruction of an infected diabetic foot using split- and full-thickness skin
grafts with adjuvant negative pressure wound therapy: a case report and review of the
literature. Wounds: Compend Clin Res Pract. (2018) 30(11):E108–E15.

107. Abe Y, Hashimoto I, Ishida S, Mineda K, Yoshimoto S. The perifascial areolar
tissue and negative pressure wound therapy for one-stage skin grafting on exposed
bone and tendon. J Med Invest. (2018) 65(1.2):96–102. doi: 10.2152/jmi.65.96

108. Hierner R, Degreef H, Vranckx JJ, Garmyn M, Massagé P, van Brussel M. Skin
grafting and wound healing-the “dermato-plastic team approach”. Clin Dermatol.
(2005) 23(4):343–52. doi: 10.1016/j.clindermatol.2004.07.028

109. Ramanujam CL, Zgonis T. Surgical soft tissue closure of severe diabetic foot
infections: a combination of biologics, negative pressure wound therapy, and skin
grafting. Clin Podiatr Med Surg. (2012) 29(1):143–6. doi: 10.1016/j.cpm.2011.10.004

110. Ross RE, Aflaki P, Gendics C, Lantis Ii JC. Complex lower extremity wounds
treated with skin grafts and Npwt: a retrospective review. J Wound Care. (2011) 20
(10):490. doi: 10.12968/jowc.2011.20.10.490

111. Wada A, Ferreira MC, Tuma Júnior P, Arrunátegui G. Experience with local
negative pressure (vacuum method) in the treatment of complex wounds. Sao Paulo
Med J. (2006) 124(3):150–3. doi: 10.1590/S1516-31802006000300008

112. Armstrong DG, Lavery LA. Negative pressure wound therapy after partial
diabetic foot amputation: a multicentre, randomised controlled trial. Lancet. (2005)
366(9498):1704–10. doi: 10.1016/S0140-6736(05)67695-7

113. Wu Y, Shen G, Hao C. Negative pressure wound therapy (Npwt) is superior to
conventional moist dressings in wound bed preparation for diabetic foot ulcers: a
randomized controlled trial. Saudi Med J. (2023) 44(10):1020–9. doi: 10.15537/smj.
2023.44.20230386

114. Godoy-Santos AL, Rosemberg LA, de Cesar-Netto C, Armstrong DG. The use
of bioactive glass S53p4 in the treatment of an infected charcot foot: a case report.
J Wound Care. (2019) 28(Sup1):S14–S7. doi: 10.12968/jowc.2019.28.Sup1.S14

115. Mikami T, Kaida E, Yabuki Y, Kitamura S, Kokubo K, Maegawa J. Negative
pressure wound therapy followed by basic fibroblast growth factor spray as a recovery
technique in partial necrosis of distally based sural flap for calcaneal osteomyelitis: a
case report. J Foot Ankle Surg. (2018) 57(4):816–20. doi: 10.1053/j.jfas.2017.11.011

116. Gkotsoulias E. Split thickness skin graft of the foot and ankle bolstered with
negative pressure wound therapy in a diabetic population: the results of a
retrospective review and review of the literature. Foot Ankle Spec. (2020) 13
(5):383–91. doi: 10.1177/1938640019863267

117. Dalla Paola L, Carone A, Boscarino G, Scavone G, Vasilache L. Combination of
open subtotal calcanectomy and stabilization with external fixation as limb salvage
procedure in hindfoot-infected diabetic foot ulcers. Int J Low Extrem Wounds.
(2016) 15(4):332–7. doi: 10.1177/1534734616667865
frontiersin.org

https://doi.org/10.3760/cma.j.issn.1009-2587.2014.02.005
https://doi.org/10.3760/cma.j.issn.1009-2587.2014.02.005
https://doi.org/10.16252/j.cnki.issn1004-0501-2013.10.060
https://doi.org/10.3969/j.issn.1007-6948.2018.01.033
https://doi.org/10.3969/j.issn.1007-6948.2018.01.033
https://doi.org/10.3969/j.issn.1005-9202.2018.06.004
https://doi.org/10.3969/j.issn.1005-9202.2018.06.004
https://doi.org/10.1111/iwj.12594
https://doi.org/10.1007/s10495-014-1076-y
https://doi.org/10.1016/j.jep.2016.12.019
https://doi.org/10.1038/ni.2238
https://doi.org/10.1016/j.devcel.2019.11.016
https://doi.org/10.3390/ijms21228470
https://doi.org/10.3390/ijms21228470
https://doi.org/10.1152/ajpheart.00796.2000
https://doi.org/10.1152/ajpheart.00796.2000
https://doi.org/10.2217/rme-2020-0050
https://doi.org/10.3969/j.issn.1003-9198.2021.01.002
https://doi.org/10.1007/s00592-018-1223-y
https://doi.org/10.1016/j.jvs.2017.02.050
https://doi.org/10.5507/bp.2016.063
https://doi.org/10.1155/2013/389792
https://doi.org/10.1023/a:1015872531675
https://doi.org/10.1016/j.bbamcr.2016.10.021
https://doi.org/10.3389/fimmu.2016.00378
https://doi.org/10.3389/fimmu.2016.00378
https://doi.org/10.3748/wjg.v22.i2.823
https://doi.org/10.1002/hep.26042
https://doi.org/10.1002/hep.26042
https://doi.org/10.1615/ForumImmunDisTher.v1.i3
https://doi.org/10.1615/ForumImmunDisTher.v1.i3
https://doi.org/10.3969/j.issn.1000-4718.2018.07.031
https://doi.org/10.26921/d.cnki.ganyu.2021.001240
https://doi.org/10.3969/j.issn.1006-5725.2018.08.005
https://doi.org/10.1016/j.ejcb.2010.11.004
https://doi.org/10.1016/j.gendis.2020.11.015
https://doi.org/10.1016/j.gendis.2020.11.015
https://doi.org/10.2174/138161209787846757
https://doi.org/10.3233/ch-168051
https://doi.org/10.1186/1471-2121-10-38
https://doi.org/10.1186/1471-2121-10-38
https://doi.org/10.2152/jmi.65.96
https://doi.org/10.1016/j.clindermatol.2004.07.028
https://doi.org/10.1016/j.cpm.2011.10.004
https://doi.org/10.12968/jowc.2011.20.10.490
https://doi.org/10.1590/S1516-31802006000300008
https://doi.org/10.1016/S0140-6736(05)67695-7
https://doi.org/10.15537/smj.2023.44.20230386
https://doi.org/10.15537/smj.2023.44.20230386
https://doi.org/10.12968/jowc.2019.28.Sup1.S14
https://doi.org/10.1053/j.jfas.2017.11.011
https://doi.org/10.1177/1938640019863267
https://doi.org/10.1177/1534734616667865
https://doi.org/10.3389/fsurg.2024.1265360
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/


Lu et al. 10.3389/fsurg.2024.1265360
118. Namgoong S, Jung S-Y, Han S-K, Kim A-R, Dhong E-S. Clinical experience
with surgical debridement and simultaneous meshed skin grafts in treating biofilm-
associated infection: an exploratory retrospective pilot study. J Plast Surg Hand
Surg. (2020) 54(1):47–54. doi: 10.1080/2000656X.2019.1673170

119. Abbas M, Uçkay I, Lipsky BA. In diabetic foot infections antibiotics are to treat
infection, not to heal wounds. Expert Opin Pharmacother. (2015) 16(6):821–32.
doi: 10.1517/14656566.2015.1021780

120. Hafeez K, Haroon Ur R, Kaim Khani GM, Kumar D, Kumar S. Vacuum
assisted closure- utilization as home based therapy in the management of complex
diabetic extremity wounds. Pak J Med Sci. (2015) 31(1):95–9. doi: 10.12669/pjms.
311.6093

121. Zhao T-M, Jing-Cui L. Microcirculation and blood rheology changes in diabetic
foot before and after treatment. Jilin Med. (2005) 26(10):1080–1. doi: 10.3969/j.issn.
1004-0412.2005.10.030

122. Cheng YC, Lung CW, Jan YK, Kuo FC, Lin YS, Lo YC, et al. Evaluating the far-
infrared radiation bioeffects on micro vascular dysfunction, nervous system, and
plantar pressure in diabetes mellitus. Int J Low Extrem Wounds. (2020) 19
(2):125–31. doi: 10.1177/1534734619880741

123. Labler L, Rancan M, Mica L, Härter L, Mihic-Probst D, Keel M. Vacuum-
assisted closure therapy increases local interleukin-8 and vascular endothelial
growth factor levels in traumatic wounds. J Trauma. (2009) 66(3):749–57. doi: 10.
1097/TA.0b013e318171971a

124. Kao HK, Hsu HH, Chuang WY, Chang KP, Chen B, Guo L. Experimental study
of fat grafting under negative pressure for wounds with exposed bone. Br J Surg.
(2015) 102(8):998–1005. doi: 10.1002/bjs.9826

125. Baldwin C, Potter M, Clayton E, Irvine L, Dye J. Topical negative pressure
stimulates endothelial migration and proliferation: a suggested mechanism for
improved integration of Integra. Ann Plast Surg. (2009) 62(1):92–6. doi: 10.1097/
SAP.0b013e31817762fd

126. Timmers MS, Le Cessie S, Banwell P, Jukema GN. The effects of varying
degrees of pressure delivered by negative-pressure wound therapy on skin
perfusion. Ann Plast Surg. (2005) 55(6):665–71. doi: 10.1097/01.sap.0000187182.
90907.3d

127. Morykwas MJ, Argenta LC, Shelton-Brown EI, McGuirt W. Vacuum-assisted
closure: a new method for wound control and treatment: animal studies and basic
foundation. Ann Plast Surg. (1997) 38(6):553–62. doi: 10.1097/00000637-
199706000-00001

128. Petzina R, Gustafsson L, Mokhtari A, Ingemansson R, Malmsjö M. Effect of
vacuum-assisted closure on blood flow in the peristernal thoracic wall after internal
mammary artery harvesting. Eur J Cardiothorac Surg. (2006) 30(1):85–9. doi: 10.
1016/j.ejcts.2006.04.009

129. Kairinos N, Voogd AM, Botha PH, Kotze T, Kahn D, Hudson DA, et al.
Negative-pressure wound therapy ii: negative-pressure wound therapy and increased
perfusion. Just an illusion? Plast Reconstr Surg. (2009) 123(2):601–12. doi: 10.1097/
PRS.0b013e318196b97b

130. Labanaris AP, Polykandriotis E, Horch RE. The effect of vacuum-assisted
closure on lymph vessels in chronic wounds. J Plast Reconstr Aesthet Surg. (2009)
62(8):1068–75. doi: 10.1016/j.bjps.2008.01.006

131. Pinocy J, Albes JM, Wicke C, Ruck P, Ziemer G. Treatment of periprosthetic
soft tissue infection of the groin following vascular surgical procedures by means of
a polyvinyl alcohol-vacuum sponge system. Wound Repair Regen. (2003) 11
(2):104–9. doi: 10.1046/j.1524-475x.2003.11205.x

132. Yanfeng W HDQ. Introduction to negative pressure closed drainage technique.
Chin J Practical Surg. (1998) 04:41–2. doi: 10.3321/j.issn:1005-2208.1998.04.026

133. Shaozong C DYC, Zhaohua H SYT, Mei S, Xiaoxing L. Effect of closed negative
pressure drainage technique on angiogenesis in human chronic wounds. Chin Clin
Rehabil. (2004) 02:264–5. doi: 10.3321/j.issn:1673-8225.2004.02.037

134. Hu N, Wu XH, Liu R, Yang SH, Huang W, Jiang DM, et al. Novel application
of vacuum sealing drainage with continuous irrigation of potassium permanganate for
managing infective wounds of gas gangrene. J Huazhong Univ Sci Technolog Med Sci.
(2015) 35(4):563–8. doi: 10.1007/s11596-015-1471-9
Frontiers in Surgery 14
135. Apelqvist J, Willy C, Fagerdahl AM, Fraccalvieri M, Malmsjö M, Piaggesi A,
et al. Ewma document: negative pressure wound therapy. J Wound Care. (2017) 26
(Sup3):S1–s154. doi: 10.12968/jowc.2017.26.Sup3.S1

136. Plikaitis CM, Molnar JA. Subatmospheric pressure wound therapy and the
vacuum-assisted closure device: basic science and current clinical successes. Expert
Rev Med Devices. (2006) 3(2):175–84. doi: 10.1586/17434440.3.2.175

137. Yin XL, Hu L, Li T, Zou Y, Li HL. A meta-analysis on the efficacy of vacuum
sealing drainage combined with autologous platelet-rich plasma in the treatment of
grade 2 and grade 3 diabetic foot ulcers. Int Wound J. (2022) 20(4):1033–41.
doi: 10.1111/iwj.13956.

138. Shuyuan X, Zugen H, Chunlin X, Sanying W. Clinical efficacy of VSD
technique in the treatment of refractory wounds. J Fujian Med Univ. (2013) 47
(03):176–9. doi: 10.3969/j.issn.1672-4194.2013.03.014

139. Blume PA, Walters J, Payne W, Ayala J, Lantis J. Comparison of negative
pressure wound therapy using vacuum-assisted closure with advanced moist wound
therapy in the treatment of diabetic foot ulcers: a multicenter randomized
controlled trial. Diabetes Care. (2008) 31(4):631–6. doi: 10.2337/dc07-2196

140. Sepúlveda G, Espíndola M, Maureira M, Sepúlveda E, Fernández JI, Oliva C,
et al. Negative-pressure wound therapy versus standard wound dressing in the
treatment of diabetic foot amputation. A randomised controlled trial. Cirugía
Española (English Edition). (2009) 86(3):171–7. doi: 10.1016/s2173-5077(09)70086-9

141. Sen PZL Clinical efficacy of astragalus injection combined with Vsd to promote
granulation tissue growth on calf wounds. Western Chin Med. (2015) 28(06):108–9.
doi: 10.3969/j.issn.1004-6852.2015.06.043

142. Dian D, Bodungen V, Himsl I, Drinovac V, Mylonas I, Sommer H, et al.
Worldwide first experiences with vacuum-assisted closure as alternative treatment
method to repair defects of an extended thoracic wall recurrence of breast cancer.
Arch Gynecol Obstet. (2010) 281(5):927–32. doi: 10.1007/s00404-009-1277-8

143. Holle G, Germann G, Sauerbier M, Riedel K, von Gregory H, Pelzer M.
Vacuum-assisted closure therapy and wound coverage in soft tissue injury. Clinical
use. Unfallchirurg. (2007) 110(4):289–300. doi: 10.1007/s00113-007-1265-z

144. Whelan C, Stewart J, Schwartz BF. Mechanics of wound healing and
importance of vacuum assisted closure in urology. J Urol. (2005) 173(5):1463–70.
doi: 10.1097/01.ju.0000157339.05939.21

145. Pinzur MS, Slovenkai MP, Trepman E, Shields NN. Guidelines for diabetic foot
care: recommendations endorsed by the diabetes committee of the American
orthopaedic foot and ankle society. Foot Ankle Int. (2005) 26(1):113–9. doi: 10.
1177/107110070502600112

146. Brownlee M. The pathobiology of diabetic complications: a unifying
mechanism. Diabetes. (2005) 54(6):1615–25. doi: 10.2337/diabetes.54.6.1615

147. Clare MP, Fitzgibbons TC, McMullen ST, Stice RC, Hayes DF, Henkel L.
Experience with the vacuum assisted closure negative pressure technique in the
treatment of non-healing diabetic and dysvascular wounds. Foot Ankle Int. (2002)
23(10):896–901. doi: 10.1177/107110070202301002

148. Herscovici D Jr., Sanders RW, Scaduto JM, Infante A, DiPasquale T. Vacuum-
assisted wound closure (Vac therapy) for the management of patients with high-
energy soft tissue injuries. J Orthop Trauma. (2003) 17(10):683–8. doi: 10.1097/
00005131-200311000-00004

149. Han J-t, Wang H-t, Xie S-t, Guan H, Han F, Li N, et al. Application of lavation
and drainage with continuous negative pressure in the debridement of diabetic foot
complicated by plantar abscess. Zhonghua Shao Shang Za Zhi. (2009) 25(4):246–8.

150. Ozer MT, Coskun AK, Ozerhan IH, Ersoz N, Yildiz R, Sinan H, et al. Use of
vacuum-assisted closure (VacTM) in high-energy complicated perineal injuries: analysis
of nine cases. Int Wound J. (2011) 8(6):599–607. doi: 10.1111/j.1742-481X.2011.00835.x

151. Chunxi W, Yi L, Xiaoyong W. Advances in the mechanism of negative pressure
closed drainage for wound repair. J Trauma Surg. (2009) 11(02):184–6. doi: 10.3969/j.
issn.1009-4237.2009.02.035

152. Dong S, Huang D, Zhu L, Liu X. Treatment of diabetic foot with vaccum
sealing drainage combined with transverse tibial bone transport. Zhongguo Xiu Fu
Chong Jian Wai Ke Za Zhi. (2020) 34(7):869–73. doi: 10.7507/1002-1892.201911150
frontiersin.org

https://doi.org/10.1080/2000656X.2019.1673170
https://doi.org/10.1517/14656566.2015.1021780
https://doi.org/10.12669/pjms.311.6093
https://doi.org/10.12669/pjms.311.6093
https://doi.org/10.3969/j.issn.1004-0412.2005.10.030
https://doi.org/10.3969/j.issn.1004-0412.2005.10.030
https://doi.org/10.1177/1534734619880741
https://doi.org/10.1097/TA.0b013e318171971a
https://doi.org/10.1097/TA.0b013e318171971a
https://doi.org/10.1002/bjs.9826
https://doi.org/10.1097/SAP.0b013e31817762fd
https://doi.org/10.1097/SAP.0b013e31817762fd
https://doi.org/10.1097/01.sap.0000187182.90907.3d
https://doi.org/10.1097/01.sap.0000187182.90907.3d
https://doi.org/10.1097/00000637-199706000-00001
https://doi.org/10.1097/00000637-199706000-00001
https://doi.org/10.1016/j.ejcts.2006.04.009
https://doi.org/10.1016/j.ejcts.2006.04.009
https://doi.org/10.1097/PRS.0b013e318196b97b
https://doi.org/10.1097/PRS.0b013e318196b97b
https://doi.org/10.1016/j.bjps.2008.01.006
https://doi.org/10.1046/j.1524-475x.2003.11205.x
https://doi.org/10.3321/j.issn:1005-2208.1998.04.026
https://doi.org/10.3321/j.issn:1673-8225.2004.02.037
https://doi.org/10.1007/s11596-015-1471-9
https://doi.org/10.12968/jowc.2017.26.Sup3.S1
https://doi.org/10.1586/17434440.3.2.175
https://doi.org/10.1111/iwj.13956.
https://doi.org/10.3969/j.issn.1672-4194.2013.03.014
https://doi.org/10.2337/dc07-2196
https://doi.org/10.1016/s2173-5077(09)70086-9
https://doi.org/10.3969/j.issn.1004-6852.2015.06.043
https://doi.org/10.1007/s00404-009-1277-8
https://doi.org/10.1007/s00113-007-1265-z
https://doi.org/10.1097/01.ju.0000157339.05939.21
https://doi.org/10.1177/107110070502600112
https://doi.org/10.1177/107110070502600112
https://doi.org/10.2337/diabetes.54.6.1615
https://doi.org/10.1177/107110070202301002
https://doi.org/10.1097/00005131-200311000-00004
https://doi.org/10.1097/00005131-200311000-00004
https://doi.org/10.1111/j.1742-481X.2011.00835.x
https://doi.org/10.3969/j.issn.1009-4237.2009.02.035
https://doi.org/10.3969/j.issn.1009-4237.2009.02.035
https://doi.org/10.7507/1002-1892.201911150
https://doi.org/10.3389/fsurg.2024.1265360
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/

	Research progress on and molecular mechanism of vacuum sealing drainage in the treatment of diabetic foot ulcers
	Introduction
	Molecular mechanism
	Ferroptosis
	TNF
	NF-κB
	Wnt/β-catenin
	Scope of the application of VSD in clinical research and precautions that should be considered
	VSD improves peripheral arterial vascular perfusion and microcirculation in DFUs
	VSD enhances peripheral vascular permeability and reduces tissue edema caused by peripheral arteries
	VSD maintains wound surface moisture and cleanliness and prevents bacterial growth
	VSD reduces the inter-tissue pressure and stimulates growth factors
	Revolutionary changes to the VSD system can reduce DFU neuropathy
	Conclusion and prospects
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


