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A growing body of evidence suggests that the interaction between immune and metabolic
responses is essential for maintaining tissue and organ homeostasis. These interacting
disorders contribute to the development of chronic diseases associated with immune-
aging such as diabetes, obesity, atherosclerosis, and nonalcoholic fatty liver disease. In
Diabetic wound (DW), innate immune cells respond to the Pathogen-associated molecular
patterns (PAMAs) and/or Damage-associated molecular patterns (DAMPs), changes from
resting to an active phenotype, and play an important role in the triggering and
maintenance of inflammation. Furthermore, the abnormal activation of innate immune
pathways secondary to immune-aging also plays a key role in DW healing. Here, we review
studies of innate immune cellular molecular events that identify metabolic disorders in the
local microenvironment of DW and provide a historical perspective. At the same time, we
describe some of the recent progress, such as TLR receptor-mediated intracellular
signaling pathways that lead to the activation of NF-κB and the production of various
pro-inflammatory mediators, NLRP3 inflammatory via pyroptosis, induction of IL-1β and
IL-18, cGAS-STING responds to mitochondrial injury and endoplasmic reticulum stress,
links sensing of metabolic stress to activation of pro-inflammatory cascades. Besides,
JAK-STAT is also involved in DW healing by mediating the action of various innate immune
effectors. Finally, we discuss the great potential of targeting these innate immune pathways
and reprogramming innate immune cell phenotypes in DW therapy.
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INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic, endocrine disease characterized by persistent
hyperglycemia. Chronic complications are its main hazards, often involving microvessels, large
vessels, and the nervous system, resulting in heart, brain, kidney, and other essential organ lesions
(Brennan et al., 2019; Tellechea et al., 2020). Besides, peripheral vascular and neuropathy lesions are
often combined with pathogenic microbial infections to cause diabetic foot disease. According to the
IDF global report in 2019, foot complications have been one of the most severe and expensive
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treatment complications of DM (https://diabetesatlas.org/en/
sections/individual-social-and-economic-impact.html).and
affect 40 to 60million people. As themost commonmanifestation
of foot complications, DFUs have a lifetime risk of up to 25% in
DM patients (Rahelic, 2016; Ogurtsova et al., 2017; Cho et al.,
2018). Continuous inflammation activation is not only the
primary cause of chronic refractory DW, but also an essential
factor leading to DFUs, gangrene, and amputation (toe), and even
the root cause of the increased length of hospitalization and cost
of wound management.

The pathogenesis of DW is complex and involves many
different pathways. Although it is traditionally believed to be
related to the local hyperglycemic environment, accumulation of
advanced glycation end products (AGEs), oxidative stress injury,
chronic inflammation, etc., more and more evidence points to the
key roles of Cellular Senescence and immune aging in DW
healing (Tomic-Canic and DiPietro, 2019; Berlanga-Acosta
et al., 2020). Cellular Senescence is a normal physiological
process in which cells lose their ability to proliferate, the
essence of DW is chronic low-grade inflammation and an
increased burden of senescent cells (Prattichizzo et al., 2018).
In Non-DW, transient induction of a senescent phenotype such
as senescent fibroblasts and endothelial cells appear very early in
response to a cutaneous wound, where they accelerate wound
closure by inducing myofibroblast differentiation through the
secretion of platelet-derived growth factor AA (PDGF-AA)
(Demaria et al., 2014), but in DW, senescent cells rapidly
accumulate, these greater numbers of senescent cells and
senescence-associated secretory phenotype (SASP).paly a
negative role in DW healing (Wilkinson et al., 2019). Firstly,
senescence is a known consequence of hyperglycemia, the direct
association between hyperglycemia and SASP in endothelial cells
and macrophages also suggests that SASP may exacerbate low-
grade inflammation in diabetes (Prattichizzo et al., 2018).
Secondly, AGEs and increased oxidative stress which lead to
endoplasmic reticulum stress also promote cell senescence (Liu
et al., 2014). Besides, bone marrow (BM).and mesenchymal stem
cells (BMSCs).become prematurely senescent under the pressure
of diabetes metabolic stress, continued release of inflammatory
cytokines resulted in the loss of BMSCs number and function,
which prevented DW healing (Lu et al., 2016). All of this suggests
that in DW, hyperglycemia, AGEs, oxidative stress, DNA
damage, inflammatory cytokines act as major drivers
sculpturing the senescent phenotype (Longo et al., 2019;
Palmer et al., 2019). This is reflected not only in the reduced
number of cytokines and growth factors secreted and the number
of receptors but also in the decline of non-functional intracellular
signals (Telgenhoff and Shroot, 2005), It further affects the
function of T cells and B cells, increasing susceptibility, and
SASP continuously releases “inflammatory” signals to activate the
innate immune system, aggravating the level of inflammatory
cytokines and the secretion of cytotoxic mediators. For example,
the decrease of Naive T-cell phenotype and the increase of
memory and effector T-cell phenotype (Moura et al., 2017),
the level of B-cell activating factor (BAFF) which implicit in
B-cell dysfunction increased gradually with the progression of
DFU, and the circulating BAFF was positively correlated with

C-reactive protein (CRP) and TNF-α (Dhamodharan et al., 2019)
(Table 1). This review focuses on the changes in innate immune
cells from dormant to active phenotype in DW, to further clarify
its effect on DW sustained activation of inflammation, and then
discusses several kinds of immune pathways that the pattern
recognition receptors or cell surface receptor trigger
inflammation-related: Toll-like receptor (TLR) signal,
nucleotide-binding oligomerization domain (NOD) receptor
(NLR) signals, cGAS - STING signals, JAK-STAT signals,
Focusing on the progress of the immune mechanisms behind
chronic inflammation in DW, we finally comment on the
potential of targeting these innate immune-inflammatory
pathways in DW therapy. Focusing on the progress of the
immune mechanisms behind chronic inflammation in DW, we
finally comment on the potential of targeting these innate
immune-inflammatory pathways in DW therapy.

CONTINUOUS ACTIVATION OF INNATE
IMMUNITY HIDDEN UNDER
IMMUNE-AGING AND INFLAMM-AGING
HINDERS DIABETIC WOUND HEALING

Innate immune can resist the invasion of pathogens, clear out the
endogenous signals released by damaged cells, and start the repair
process, which helpsmaintain the steady-state of the body. However,
excessive inflammation caused by immune hyperfunction can also
lead to tissue damage. DW healing seems to be affected by the
balance between “good” and “bad” inflammation. However, the
essence is closely related to the balance of “immune response-
inflammation resolution-normal healing” and “immune-aging-
chronic inflammation-abnormal healing”.

In the state of normal circumstances, the immune response,
coagulation cascade, and inflammatory reaction are activated
after wound formation, immune cells (neutrophils, monocytes/
macrophages, dendritic cells, mast cells, etc.) and repair cells
(keratinocytes, epithelial cells, fibroblasts, endothelial cells, etc.)
and extracellular matrix have significant changes, which in turn
affect the subsequent proliferation, differentiation, migration,
and remodeling (Criscitelli, 2018). The coagulation cascade
forms a fibrin matrix rich in cytokines and growth factors
through platelet aggregation and blood coagulation provides
scaffolds for subsequent infiltrating cells (leukocytes,
keratinocytes, fibroblasts, endothelial cells, etc.) (Gurtner et al.,
2008; Minutti et al., 2017; Bando et al., 2018; Criscitelli, 2018).
Then, immune cells migrate to the wound under the influence of
chemokines and release a large number of cytokines to initiate the
inflammatory response (Bando et al., 2018; Akita, 2019),
neutrophils are first recruited to the wound and reach a peak
within 24 h (Kim et al., 2008), by changing the phenotype and
expression of macrophages to generate the innate immune
response (Park and Barbul, 2004; Acosta et al., 2008; Suga
et al., 2014). Subsequently, monocytes are recruited in the
wound within 48–96 h after injury and differentiate into
macrophages, carry out the function of engulfing pathogens
and cellular debris, promote the secretion of cytokines, growth
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factors, and chemokines, stimulate collagen synthesis and
angiogenesis, promote the conversion of fibroblasts to
myofibroblasts to fill and contract the wound, and provide
supports for subsequent cell proliferation, migration, and re-
epithelialization (Snyder et al., 2016; Kim and Nair, 2019). When
the granulation tissue formed by fibroblasts, endothelial cells, and
macrophages replaces the fibrin matrix, keratinocytes and epithelial
cells migrate on the new scaffolds until the skin barrier function is
restored (Gurtner et al., 2008; Bainbridge, 2013).

Immune senescence in DW is further evidenced by reduced
recruitment of immune cells and poor control of inflammatory
response due to dysregulation of transcriptional networks. The
study found that: Transcription factors FOXM1 and STAT3,
which activate and promote the survival of immune cells, are
inhibited in DFU (Sawaya et al., 2020), In the state of DM, the
insufficient inflammatory response in the early stage of the wound
and the large number of immune cells infiltrating in local
subsequently (Moura et al., 2017), releasing proinflammatory
cytokines make the healing stagnate in the inflammatory period
and difficult to enter the proliferation and remodeling period (Liu
et al., 2019) are the pathological basis of chronic refractory DW
(Zhao et al., 2016). Moreover, innate immune cells such as

neutrophils and macrophages continuously infiltrate during the
inflammatory phase and interact with the high expression of
chemokines, Macrophage inflammatory protein-2 (MIP-2) and
Monocyte chemotactic protein-1 (MCP-1), up-regulate
inflammatory mediators IL-1β, TNF-α, etc. result in continual
amplification of signals of inflammatory until 13 days or more
after injury (Wetzler et al., 2000; Tousoulis et al., 2013; Mo et al.,
2019). Meanwhile, the continual differentiation and formation of
proinflammatory macrophages can also stimulate the synthesis of
Matrix metalloproteinases (MMPs) jointly with TNF-α, cause
excessive destruction of extracellular Matrix and damaged
granulation tissue formation (Acosta et al., 2008), inhibit
proliferation and migration of fibroblasts and angiogenesis (Xu
et al., 2013), activate innate immunity through ROS generated by
oxidative stress (Warnatsch et al., 2015), activate NLRP3
inflammasome and lead to exacerbating wound inflammation (Lee
et al., 2013; Mirza et al., 2014; Dai et al., 2017). It can be seen that the
intensified innate immune response and the continuous infiltration of
innate immune cells will destroy the balance between anti-
inflammatory and proinflammatory during DW healing, interfere
with the homeostasis of DW, and form a chronic refractory wound
characterized by DFUs (Chen et al., 2012). (Table 1).

TABLE 1 | Markers of immune cells that can be used for diagnosis and/or treatment in DW.

Immune cells Differentiation markers Diagnosis and/or treatment

T Cells Effector T-cells↑ The accumulation of effector T-cells is the core of DFU, diminish T-cells activation and tissue
accumulation may accelerate DW healing Moura et al. (2017)Memory T-cells↑

Naive T-cells↓
B Cells BAFF↑ The BAFF levels were superior to that of CRP levels in diagnosing DFUDhamodharan et al.

(2019)
Neutrophils (PMNs). NETs↑ PAD4 inhibition and cleavage of NETs by dnaseⅠmay improve DW healing Wong et al. (2015)

PAD4, H3Cit↑
NET-specific markers NET-specificmarkers H3Cit negatively correlated with wound healing in DFU patients Yang et al.

(2020)H3Cit↑
C5a↑ Inhibitor of complement C1 ( PIC1). may reduce the infiltration of PMNS and improve DW healing

Cunnion et al. (2017)C3-fragment deposition↑
Monocytes/Macrophages
(Mo/Mp).

Proportions of bone MyP↑circulating
Ly6CHi Mo↑

Myeloid lineage commitment in BM may contribute to increased mp numbers observed in DW
strategies to regulate monopoiesis during homeostasis or post wounding may improve DW
healing Barman et al. (2019)Spleen Ly6CHi Mo↑

HSPC response↑
MPP2, MMP-3↓
The influx of Ly6CHi Mo↑ Time-dependent control of Mo/Mp influx after an injury such as anti-mcp-1 antibody may

represent a novel therapeutic target for impaired DW healing Kimball et al. (2018)Maturation to Ly6CLo Mo↓
IL-1β, MMP-9, TNF-α↑ Inhibiting IL-1β downregulate proinflammatory mp and upregulate prohealing mp in DW which

may improve DW healing Mirza et al. (2013)CD206, IGF-1↓
TGF-β, il-10↓
CD68, iNOS, TNF-α, IFN-γ↑ Blocking the AGE-RAGE interaction may improve the function of Mp Wang Q. et al. (2017)
CD206, PDGF↓
Jmjd3, IL-12↑ Histone demethylase inhibitor such as GSK-J4 may improve chronic inflammation and DW

healing Gallagher et al. (2015)H3K27me3↓
UA, XO↑ IFNβ may be an attractive therapeutic target and XO inhibitors such as allopurinol may reduce

the production of IL-1β and improve DW healing Kimball et al. (2019)Setdb2, H3K9me3↓
IFNβ↓
Mp senescence↑ CXCR2 antagonist treatment such as SB265610 reduces inflammation Immune-aging and

improve DW healing Wilkinson et al. (2019)CXCR2↑
SASP↑

Partial Abbreviations: BAFF: B-cell activating factor, PAD4: Peptidylarginine deiminase 4 (encoded by Padi4 in mice)., H3Cit: Citrullinated histone H3, NETs: Neutrophil extracellular traps,
BM: Bone marrow, HSPC: Hematopoietic stem and progenitor cell, MyP: Marrow myeloid progenitors, MPP: Multipotent progenitor, Ly6CHi: CX3CR1lowCCR2+Ly6C+, Ly6CLo:
CX3CR1highCCR2-Ly6C−, IL-1β: Interleukin-1β, TNF-α: Tumor necrosis factor-α, MMP-9: Matrix metalloprotein-9, IL-10: Interleukin-10, TGF-β: Transforming growth factor-β, IGF-1:
Insulin-like growth factor-1, AGEs: Advanced glycation end products, PDGF: Platelet derived growth factor, Jmjd3: JumanjiC (JmjC) domain-containing protein, UA: Uric acid, XO:
Xanthine oxidase, SASP: Senescence-associated secretory phenotype.
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In a word, Inflamm-aging and Immune-aging seem to run in
parallel and form a vicious cycle. Increased inflammatory
cytokines characteristic of inflamm-aging contributes to the
decrease of the adaptive immune response and eventually to
immune-aging. In contrast, the decrease of the adaptive immune
response reinforces the stimulation of the innate immune response
(as the means to protect an organism from infections in the
circumstances when adaptive immunity fails)., leading to chronic
inflammation (Salminen et al., 2008; Fulop et al., 2017). (Figure 1).

INNATE IMMUNE CELLS AFFECTED BY
IMMUNE-AGING IN DIABETIC WOUND

The Ongoing Recruitment and Activation of
Neutrophils (Polymorphonuclear
leukocytes, PMNs). and the Feedback Loop
of Oxidative Stress Aggravate the Damage
in Diabetic wound
PMNs phagocytize, neutralize, and remove microorganisms, cell
debris, and other substances through phagocytosis,
degranulation, generation of high concentrations of ROS, and
Neutrophil extracellular traps (NETs) (Fox et al., 2010;
Mikhalchik et al., 2018; Papayannopoulos, 2018). It can also
regulate the phenotype of macrophages and the expression of
cytokines to mediate the innate immune response, secrete a
variety of inflammatory mediators, and an enzyme to regulate

the activity of inflammatory cells and the inflammatory response
(Daley et al., 2005). In the state of DM, the chemotaxis,
phagocytosis, oxidative burst, and apoptosis of PMNs in DW
induced by high glucose are deficient (Nguyen et al., 2013). PMNs
infiltrate local tissues, combine with AGEs and release a large
number of proinflammatory factors to cause inflammation.
Meanwhile, PMNs promote excessive production of ROS and
upregulate the expression of EGFR, ERK, and IL-8, further
aggravate the degree of local infiltration (Lan et al., 2013).
This continuous inflammation feedback loop driven by PMNs
is an important reason for the aggravation of DW injury. Besides,
the orderly resolution of PMNs is also the key to wound healing as
scheduled. In the state of normal circumstances, PMNs are
specially recognized and cleared by macrophages through
apoptosis, to avoid entering a state of chronic inflammation
and further tissue damage (Nepal et al., 2019; Perez et al.,
2019). Surviving PMNs can also be “reverse-migrated” into the
circulation and leave the site of inflammation by Specialized pro-
resolving mediators (SPMs) (Robertson et al., 2014). However, in
the state of DW, PMNs are more likely to die in the form of
NETosis, forming NETs to induce innate immune cells to
infiltrate the wound and mediate abnormal inflammation.
Recent studies have shown that NETs can activate NLRP3
inflammasome, thus inducing the expression and release of
inflammatory factors such as IL-1β and leading to
inflammatory storms. After giving PAD4 inhibitor (Cl-
amidine) (Fadini et al., 2016), dnaseⅠ, N-acetylcysteine (NAC)
(Liu et al., 2019), targeted inhibition of the formation of NETs can

FIGURE 1 | Immune- Aging and Inflamm-Aging under Metabolic Stress in DW. ①Acute inflammation-mediated wound healing, tissue remodeling, and other
orderly outcomes under the immune response in Non-DW.②Inflamm-aging induced by metabolic pressure mediated tissue damage and hinders wound healing in DW.
③In the process cell senescence in DW, adaptive immunity significantly decreased, which is called immune-aging, while innate immunity is activated, thus inducing a
unique pro-inflammatory response, which is called inflamm-aging.
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inhibit the activation of NLRP3 inflammasome and the release of
inflammatory mediators, reduce local infiltration of PMNs, promote
macrophages appearance in advance and accelerate the resolving of
PMNs, thereby promoting wound healing (Wong et al., 2015; Liu
et al., 2019; Yang et al., 2020). Besides, the activation of the
complement system (CS) in the early stage of DW also promotes
leukocytes (the vast majority of the leukocytes were PMNS)
infiltration, It was found that increased anaphylatoxin C5A and
C3-fragment deposition in DW fluid associated with a 76% increase
in PMNS, use the novel classical CS inhibitor, Peptide Inhibitor of
Complement C1(PIC1) reduced inflammation as reflected by
reduced CS components and PMNs infiltration (Kimball et al.,
2018). Thus, inducing the apoptosis of PMNs, promoting the
degradation of NETs, negative regulation of the complement
system, and promoting the “reverse-migrated” of PMNs through
SPMs will change the chaotic state of “Activation in the early period
and resolving in the late period delayed” PMNs, thereby promoting
DW healing.

Spatial and Temporal Expression Difference
of Monocytes Is a Double-Edged Sword for
Diabetic wound Healing
Mo in peripheral blood of mice is divided into two subgroups:
CX3CR1low CCR2+ Ly6C+ (Ly6C+) and CX3CR1high

CCR2−Ly6C− (Ly6C−). After the wound is formed, Ly6C+
first

migrates to the wound and differentiate into macrophages and
secrete pro-inflammatory factors such as TNF-α, IL-1β to
participate in the early inflammatory response (Daley et al.,
2010; Brancato and Albina, 2011). Subsequently, Ly6C−

appears on the wound through vascular patrol and is involved
in anti-inflammatory and tissue repair (Carlin et al., 2013; Italiani
and Boraschi, 2014). Besides, Ly6C+ can also induce apoptosis of
PMNs, while Ly6C− has the effect of removing PMNs fragments
after apoptosis (Peng et al., 2009). The chemotactic activity of
Ly6C+ is mainly dependent on CCL2/CCR2. Current studies have
shown that delayed response and impaired activity of
macrophages, which differentiated from Ly6C+ at the early
stage of DW are related to decreased expression of CCL2
chemokines (Wood et al., 2014). Animal experiments have
shown that the use of CCL2 on the wound of db/db mice can
not only solve the delayed early inflammatory response and
macrophage dysfunction, promote re-epithelialization, but also
restore the amount of Mo and promote the chemotaxis of Mo
(Weinheimer-Haus et al., 2014; Wood et al., 2014). Besides,
knocking out the CCR2 gene can cause a decreased amount of
Ly6C+ recruited to the wound tissue, leading to tissue repair
disorders (Weinheimer-Haus et al., 2014). However, excessive
expression of Ly6C + on the wound can also affect wound healing,
which requires strict control of the timing of the use of CCR2. The
chronic refractory DW is related to increased secretion of Ly6C+
and decreased secretion of Ly6C− in circulating blood (Galstyan
et al., 2019). Studies have shown that the influx of secondary
mononuclear/macrophage will increase in wounds around 96 h
after injury. Therefore, selective inhibition of CCL2/CCR2 at 72 h
after dBinjury can improve the persistent state of DW
inflammation and promote healing by blocking the second

influx of Ly6C+ (Kimball et al., 2018). In summary, using
chemokines as the target to regulate the timing of Mo appears
on the wound will be expected to become an effective means to
promote DW healing.

The Persistent Proinflammatory Phenotype
of Macrophages in the Metabolic Immune
Microenvironment Aggravates the Difficulty
in Diabetic wound Healing
Mp involved in wound healing includes Tissue-resident
macrophages (TRMs). (Ganesh and Ramkumar, 2020) and
Wound-associated macrophages (WAMs). (Wang et al., 2014).
Skin TRMs include Langerhans cell (LC) in the epidermis and
macrophage population (CD11b+/ F4/80+) in the dermis, through
self-amplification (Chorro et al., 2009; Hoeffel et al., 2012; Sieweke
and Allen, 2013) and the differentiation of circulating blood Mo in
the inflammatory state (Sieweke and Allen, 2013) to supplement,
play the role as a sentinel for tissue homeostasis, initiate an
inflammatory response and form a locally pro-inflammatory
environment by way of PRRs identifying PAMPs or DAMPs in
the immediate or early stages of trauma (Smyth and Bertram, 2019).
Under steady-state conditions, TRMs maintain homeostasis. Once
damaged, WAMs are recruited to wound in large quantities and
promote the progress of wound healing together with TRMs. With
the assistance of some new techniques such as cell tracking and
single-cell RNA-seq, the heterogeneity of TRMs andWAMs appears
more in the study of wound healing. TRMs are considered to be
involved in the induction of inflammation (Stojadinovic et al., 2013).
At the same time, WAMs are not only crucial in the initial
inflammation stage of wound healing but also play a vital role in
the subsequent stage of wound healing by coordinating the
inflammatory response (Willenborg et al., 2012). (Table 2).

Under the influence of different microenvironments, Mp is
polarized into pro-inflammatory M1 (Classically activated
macrophages type 1) and anti-inflammatory M2 (Alternatively
activated macrophages), which respectively play roles in different
stages of wound healing (Das et al., 2015; Krzyszczyk and et al.,
2018). In the stage of an inflammatory response, the wound is
dominated by M1, which play an antibacterial and clearance of
necrotic tissue role through phagocytosis, producing ROS,
secreting various proteases and pro-inflammatory mediators
(such as IL-1β, TNF-α, NO and IL-6). Thereafter, M1
gradually polarize to M2 which promote cell proliferation,
Extracellular matrix (ECM) synthesis, angiogenesis, and tissue
remodeling through secreting anti-inflammatory factors (such as
IL-10, IL-8, etc.), various ECM proteins and growth factors (such
as TGF-β1, bFGF, PDGF and VEGF, etc.) (Murray et al., 2014;
Wang et al., 2014; Boniakowski et al., 2017). The orderly
transformation of M1 to M2 is the key to wound healing
(Ganesh and Ramkumar, 2020), If Mp cannot acquire the M2
phenotype, sustained pro-inflammatory signals will amplify the
pro-inflammatory effect of M1 in the form of positive feedback by
continuously activating NLRP3 inflammasome and promoting
IL-1β release (Warnatsch et al., 2015). Besides, the persistent state
of inflammation caused by such phenotypic imbalance of Mp also
hinders the proliferation and migration of endothelial cells and
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keratinocytes, prevents fibroblasts from secreting extracellular
matrix, and secretes a large number of proteases to degrade the
extracellular matrix (Pierce, 2001), these degraded extracellular
matrix fragments further aggravate the pro-inflammatory state of
the wound through the action of immune stimulation (Sorokin,
2010). Clinical studies have shown that Mp isolated from DW
express high levels of pro-inflammatory molecules IL-1β, MMP-9
and TNF-α and low levels of healing-related molecules IGF-1,
TGF-β, and IL-10. A similar phenomenon is also observed in
animal experiments. Mp in Non-DM mice shows M2 phenotype
5–10°days after injury while DM mice maintain the M1
phenotype. Also, the IL-1β and TNF-α released by DM mice
Mp on the fifth and 10th°day after injury are always maintained at
high levels, and IGF-1, TGF-β are maintained at low levels. IL-1β
neutralizing antibody or knocking out IL-1R1 gene can block IL-
1β signal, thereby down-regulating M1, up-regulating M2, and
promoting DW healing (Mirza et al., 2013).

The act of PMNs clearance by Mp can induce the phenotypic
switch of M1macrophages toM2, hyperglycemia, and AGEs impede
the phagocytic capacity of Mp to clear apoptotic PMNs thereby
promoting a sustained pro-inflammatory state (Hesketh et al., 2017).

Further, differential iron regulation by Mp is another factor that
affects Mp phenotype (Cairo et al., 2011; Wang H. et al., 2017), iron
overloading inMpmaintainingM1phenotype, enhancedTNF-α and
hydroxyl radical release and induce nearby fibroblasts senescence. In
addition to the cellular and molecular mechanisms of the effect of
microenvironment on theMp phenotype, the effect of epigenetics has
also become a new focus of recent research, Skin wounding increased
HSPC numbers and promoted Mo expansion in the BM of mice
(Barman et al., 2019), even hyperglycemia preprogrammed HSPCs
toward myeloid lineage commitment (Nagareddy et al., 2013),
diabetic mice exhibited increased proportions of bone MyP and
circulating inflammatory Mo before skin wounding and enhanced
myeloid outputmaintained following injury, contributing to a greater
number of M1 phenotype (Barman et al., 2019). Further, Histone
methylation can also alter the Mp phenotype to affect DW healing
(Boniakowski et al., 2017). For example, MLL1-mediated epigenetic
alterations activated H3K4me3-TLR4-MyD88, use TLR4 inhibitor
TAK-242 as well as genetic depletion of either TLR4−/− or myeloid-
specific TLR4f/fLyz2Cre+ resulted in a reduction in Mp-mediated
inflammation and improved DW healing (Davis et al., 2020). In
another study, the decreased expression of H3K27me3 corresponds

TABLE 2 | Function and relationship of Mo/Mp subpopulations in wound homeostasis and repair.

Mo/Mp Function

Feature the steady-state Wound healing

Ly6C+ (Sieweke and Allen,
2013)

CCL2 can regulate its chemotactic activity
Willenborg et al. (2012), Gupta et al. (2013),
Dal-Secco et al. (2015)

1.A precursor of the TRMs Italiani and
Boraschi, (2014)

1.Upregulate TNF-α, IL-1β
2.Activate a function similar to M1 Daley et al.
(2010), Brancato and Albina, (2011)

2.A precursor of Ly6C− in blood and bone
marrow Varol et al. (2007), Yona et al. (2013)

3.Die in the wound during the inflammatory,
repair, proliferation period Albina et al. (1990)
4.Enter the non-lymphoid organs and
circulated to the lymph nodes Jakubzick et al.
(2013)

Ly6C− (Sieweke and Allen,
2013)

Fractalkine (CX3CL1) can regulate its
chemotactic activity Ishida et al. (2008),
Lauvau et al. (2015)

1.Patrol the signs of endothelial inflammation
or injury Auffray et al. (2007), Carlin et al.
(2013)

1.Upregulate TGF-β, VEGF

2.Produce inflammatory mediators and
coordinate the repair of damaged vascular
endothelium Carlin et al. (2013), Italiani and
Boraschi, (2014)

2.Activate a function similar to M2 Daley et al.
(2010), Brancato and Albina, (2011)

TRMs F4/80+ (Ganesh and
Ramkumar, 2020; Sieweke
and Allen, 2013)

Bone marrow/Circulation Sieweke and
Allen, (2013) and embryonic progenitor cells
(yolk sac, fetal liver) derived Mp Chorro et al.
(2009), Hoeffel et al. (2012), Sieweke and
Allen, (2013)

Local proliferation and self-renewal of mature
differentiated cells without changing their
differentiation phenotype Chorro et al. (2009),
Hashimoto et al. (2013), Sieweke and Allen,
(2013)

1.Involve in the induction of inflammation
Stojadinovic et al. (2013)
2. Compensatory regulation through early
recruitment and late self-proliferation Davies
et al. (2011), Sieweke and Allen, (2013)
3. Activate a function similar to M2 Brancato
and Albina, (2011)

WAMs F4/80− (Wang et al.,
2014; Sieweke and Allen,
2013)

M1 Koh et al. (2013) GM-CSF, IFN-γ, TNF-α, LPS induce Koh
et al. (2013)

1.M1 has the function of promoting
inflammation

M2 Koh et al. (2013) M2a: IL-4, IL-13 induce Lech et al. (2012) 2.M2 has the function of anti-inflammatory,
repairing tissue, promoting angiogenesis

M2b: Immune complexes, TLR receptor
agonists, IL-1 receptor agonists induce
Mantovani et al. (2004)

3.M2a promote matrix reconstruction and
tissue repair

M2c: IL-10, TGF-β, glucocorticoid induce
Lech et al. (2012)

4.M2b and M2c mainly play the function of
immune regulation Brancato and Albina,
(2011)

Partial Abbreviations: CCL2: Chemokine C-C-motif ligand 2, TRMs: Tissue-resident macrophages, TNF-α: Tumor necrosis factor-α, IL: Interleukin, CX3CL1: Chemokine C-X3-C-motif
Ligand 1, TLR: Toll-like receptor, TGF-β: Transforming growth factor-β, VEGF: Vascular endothelial growth factor, WAMs: Wound-associated macrophages, GM-CSF: Granulocyte-
macrophage colony-stimulating factor, LPS: Lipopolysaccharide.
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to the increased Jmjd3 and IL12 expression promoting the
exaggerated pro-inflammatory response seen in diabetic Mp
(Gallagher et al., 2015). This suggested that both target systemic
changes in the BM stem cells thus influence Mp peripheral
phenotypes and blocking the M1 phenotype in DW may
contribute to the development of new therapeutic strategies for
DW and is a promising research direction.

The Homeostasis of Mast cell
Degranulation Regulates Ordered Healing
in Diabetic wound
After wound formation, MCs participate in and regulate the
inflammatory response by releasing multiple mediators (Moon
et al., 2010). On the one hand, MCs induce the secretion of
cytokines and chemokines by degranulation (Sun et al., 2012;
Mukai et al., 2018; Zelechowska et al., 2018), On the other hand,
MCs recruit immune cells to the wound by promoting the secretion
of vascular permeability factors and proteases (Liu et al., 2009).
Subsequently, MCs can stimulate the proliferation of fibroblasts by
secreting IL-4, VEGF, and bFGF (Qu et al., 1998), promote
granulation formation, cell migration, angiogenesis, collagen
maturation, and angiogenesis in wound tissues (Sismanopoulos
et al., 2012; González-de-Olano and Álvarez-Twose, 2018), and
also participate in wound healing with Mp, endothelial cells and
fibroblasts (Egozi et al., 2003; Nishida et al., 2019). Current clinical
studies have shown that the total MCs before lower limb skin trauma
in DM patients are regular, but the number of degranulation is
increasing, and MCs degranulation is positively correlated with the
number of dermal inflammatory cells and inflammatory markers IL-
6 and TNF-α (Tellechea et al., 2016). Animal experiments have
shown that intraperitoneal injection of DSCG (MCs degranulation
inhibitor) before trauma can reduce the number of MCs
degranulation in DM mice to the same level as non-DM mice,
and effectively improve wound healing. Besides, DSCG can restore
the ratio of M1/M2 to the level of non-DW through the interaction
between MCs and Mp, and promote wound healing (Tellechea et al.,
2016). In addition to the difference in pre-trauma degranulation, the
current studies also have found that: in the state of diabetes, although
MCs degranulation increased significantly before the trauma, it
cannot increase after trauma, and the blocked MCs degranulation
also reduces the ability of acute inflammatory response after trauma
and delays the process of wound healing. In the early stage of wound
formation, the local application of MCs stabilizer MCS-01 to treat
DM mice can play the same role as the intraperitoneal injection of
DSCG to promote wound healing (Tellechea et al., 2020). It can be
seen thatmaintaining the steady-state of degranulation ofMCs before
trauma and degranulation in time after trauma will effectively
promote DW healing.

INNATE IMMUNE SIGNALING AND
DIABETIC WOUND

In the state of DW, the “abnormal epithelial barrier” caused by
changes of microbiome located in the skin and their metabolites,
environmental damage or the genetic tendency of the host, as well as

the cellular contents released after necrosis and cell membrane
destruction caused by stress, injury and metabolic pressure, recruit
and activate innate immune cells and initiate innate immunity not
only through intracellular DAMPs but also through extracellular
DAMPs and PAMPs released by extracellular matrix recruitment
(Matzinger, 2002; Huebener and Schwabe, 2013).When the activated
innate immunity plays a role in removing pathogens and necrotic
tissues, the high concentration of ROS produced also cause lipid
peroxidation damage to the cell membrane, increase membrane
permeability, destroy the critical balance of ion concentration
inside and outside the cell, and further aggravate the release of
DAMPs (Mayer et al., 2018). This subtle relationship as initiating
factors regulate the balance between innate immunity and pro-
inflammatory microenvironment and participate in the process of
DW healing. It is necessary to understand further these PRRs that
recognize PAMPs or DAMPs, including transmembrane receptors
on the cellmembrane surface, such as Toll-like receptor(TLR), C-type
lectin receptor(CLR), etc. and intracytoplasmic receptor, such as RIG-
1-like receptor(RLR), Nucleotide-binding oligomerization domain-
like receptor (NLR).etc. And Cytosolic DNA Sensor (CDS) , such as
cGAS, STING, etc. (Figure 2)

Increased Toll-Like Receptor Expression
and Activation Prolonged Inflammatory
Condition in Diabetic wound
TLR can respond to various pathogens (such as bacterial LPS,
viral double-stranded RNA, etc.) or endogenous signals released
after cellular stress and injury (such as HSP, HMGB1, Hyaluronic
acid, Fibrinogen, etc.), and play a key role in inflammation,
immune cell regulation and proliferation (Huebener and
Schwabe, 2013). TLR signaling can be divided into MyD88-
dependent pathway and TRIF-dependent pathway, the former
mainly activates NF-κB and MAPKs, while the latter mainly
activates NF-κB and IRF3(Kawai and Akira, 2007). The activation
time of TLR binding with ligands and its relationship with the
local microenvironment determine the effect of TLR in DW
(Dasu and Rivkah Isseroff, 2012; Portou et al., 2015). In Non-
DW, the expressions of TLR2 and TLR4 were up-regulated in the
inflammatory stage (Suga et al., 2014), gradually decreased after
the repair stage and recovered to the baseline level in 10°days later
(Chen et al., 2013), regulates the release of IL-1β and IL-6, and
participates in the orderly wound healing via TLR4-p38/JNK-
MAPK signaling. But in DW, TLR2, 4, and 6 were consistently
highly expressed from the injury to the 10th°day, continuously
activated the NF-κB signal axis, and continuously amplified the
pro-inflammatory signals such as IL-1β, IL-6, and TNF-α, which
hindered the healing of DW (Dasu et al., 2010; Singh et al., 2015).
More studies have also pointed to the negative regulatory role of
abnormal inflammation caused by continued activation of TLR3,
7, and 9 in DW healing (Singh et al., 2016; Wu et al., 2016).
Clinical studies of DW have also found that the levels of TLR1, 2,
4, and 6 and corresponding expression of downstream adapter
proteins such as MyD88, IRAK-1 and NF-κB in DW were
significantly higher than those in Non-DW (Dasu and Martin,
2014). This shows activated TLR-MyD88-NF-κB signaling
and increased oxidative stress contributes to the increased
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local pro-inflammatory cytokines and unhealed DW. Besides,
high glucose up-regulated transcription and translation of TLR2
and TLR4 in a time-dependent and dose-dependent manner,
inducing heterodimerization of TLR2/TLR6, leading to
recruitment of MyD88 and activation of downstream
inflammatory pathways, and the secretion of IL-1β and TNF-
α(Dasu et al., 2008)keeping DW in an inflammatory state (Dasu
andMartin, 2014; Kishibe et al., 2018), while inhibiting TLR2 and
TLR4 can block the excessive inflammation caused by the positive
feedback effect of IL-1β, thereby promoting DW healing (Dasu
et al., 2010). (Figure 3A).

Therapeutic Targeting of Toll-Like Receptor
Signaling in Diabetic wound
In keratinocytes, hyperglycemia dose-dependently up-regulates the
expression of TNF-α to reduce the expression of Thrombomodulin
(TM) and TLR4, exogenous supplementation of Recombinant sTM
can increase the expression of TLR4 and promote DW healing
(Cheng et al., 2015). Besides, hyperglycemia can also inhibit the
expression of IL-33, which is induced by IL-17 in keratinocytes
through glycosylation, down-regulate Regenerating islet-derived
protein 3A (REG3A), and up-regulate the expression of TLR3,
supplementing REG3A can induce SHP-1 negatively regulating
the TLR3-JNK2 signal axis to down-regulate TNF-α and IL-6,
thereby improving chronic inflammation of DW (Wu et al.,
2016). However, the study of Mo has found that using NADPH
and PKC inhibitors to down-regulate the expression of TLR2 and
TLR4 can improve the continuous inflammation induced by
hyperglycemia (Dasu et al., 2008). It is suggested that targeting

TLR2 and 4 can reduce the release of inflammatory signals IL-1β
and TNF-α, improve the sustained inflammatory state of the wound
surface, and also show the effective role of targeting TLR signaling in
different effector cells of DW. Besides, PPARγ agonists can also
down-regulate the expression of TLR4 (Ji et al., 2009). Using
Pioglitazone-loaded fibrous mats which are prepared from
pioglitazone hydrochloride (PHR) on the wound of DM rats, it is
found that both burst-release and sustained-release kinetics can
down-regulate the expression of TNF-α and promote DW
healing, but the sustained-release form is more effective in
reducing PMNs infiltration and inflammation, promoting
epidermal regeneration and fibroblast proliferation (Cam et al.,
2020), Similarly, topically using GQ-11 (a partial/dual PPAR α/γ
agonist) and Pioglitazone on the wound of DMmice can also down-
regulate IL-1β and TNF-α, promote DW healing (Silva et al., 2019).
An in-depth understanding of the relationship between TLR
signaling pathways and drug regulation targets, as well as the
impact of different types of drugs on drug delivery and efficacy,
can provide a feasible direction for the treatment of DW. (Table 3).

Overactivation of NLR Signaling Under
Pathological Conditions Promotes
Cascading Amplification of the
Inflammatory Response in Diabetic wound
NLR is a critical member of the cytoplasmic PRRs family and
plays a unique role in the innate immune response. The NLR
protein usually exists in an inactivated state in the cytoplasm,
which is in an auto-repressed form. When directly or indirectly
combine with DAMPs or PAMPs, a conformational change

FIGURE 2 | Proinflammatory microenvironment in DW due to dysregulation of immune and metabolic responses. Metabolic stress such as hyperglycemia,
oxidative stress, AGEs, and hypoxia acted as the initiators of PAMPs and DAMPs to activate PRRs. Inducing infiltration of innate immune cells and activation of innate
immune pathways, regulating the balance between innate immunity and inflammatory microenvironment, forming a pro-inflammatory microenvironment, and
participating in DW healing. Partial abbreviation: IL-1β: Interleukin-1β, IL-6: Interleukin-6, TNF-α: Tumor necrosis factor-α, MMP-9: Matrix metalloprotein-9, NO:
Nitric oxide, IL-10: Interleukin-10, IL-8: Interleukin-8, TGF-β: Transforming growth factor-β, DAMPs: Damage-associated molecular patterns, PAMPs: Pathogen-
associated molecular patterns, TLR: Toll-like receptor.
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occurs and the NACHT domain is exposed, thereby triggering
oligomerization and participating in the activation of multiple
signal transduction pathways (Sharif et al., 2019). For example,
NOD1 and NOD2 activate NF-κB andMAPK signaling pathways
by interacting with RIPK2, while NLRP1, NLRP3, and NLRC4
activate inflammasome through multimerization to produce
activated caspase-1 (Platnich and Muruve, 2019). After
activation of caspase-1, the inactive pro-IL-1β and pro-IL-18
are cleaved into mature IL-1β and IL-18, thus exerting an
immune response and pro-inflammatory effects (Wen et al.,
2011). Among them, the NLRP3 inflammasome is a multi-
protein complex composed of NLRP3, adaptor protein ASC
and pro-caspase-1 (Lamkanfi and Dixit, 2012), which
participates in the induction of aseptic inflammation
(Vandanmagsar et al., 2011; Wen et al., 2011). Under the
pathological conditions of stress and inflammatory, caspase-1
released after the activation of NLRP3 inflammasome can also
mediate a rapid programmed cell death pattern characterized by
accompanying inflammatory response, called “Pyroptosis” (Wu
et al., 2018). Pyroptosis induces the release of a large number of
pro-inflammatory factors, eventually forming a cascade of
amplified inflammatory responses (Jorgensen and Miao, 2015;

Wang S. et al., 2019). In the state of DW, ROS and IL-1β can
activate the NLRP3 inflammasome in Mp, promote the
maturation and secretion of IL-1β, aggravate local
inflammation through positive feedback, and hinder wound
healing (Lee et al., 2013; Mirza et al., 2014; Dai et al., 2017).
Meanwhile, NETs formed from PMNs which are recruited on the
wound can also activate NLRP3 inflammasome through TLR-4/
TLR-9/NF-κB and ROS/TXNIP signaling pathways (Liu et al.,
2019). Therefore, inhibiting the activities of NLRP3 and caspase-1
and reducing the production of inflammatory factors such as IL-
1β, IL-18 may play a role in alleviating inflammation and
accelerating DW healing (Bitto et al., 2014). (Figure 3C).

Therapeutic Targeting of NLR Signaling in
Diabetic wound
Currently, researches on NLR mainly focus on NLRP3
inflammasomes and related signaling pathways. Activation of
NLRP3 inflammasome requires two steps: Priming and Assembly.
Priming mainly targets NF-κB-dependent transcription of NLRP3
and pro-IL-1β(Qiao et al., 2012). Assembly is associated with NLRP3
in mitochondrial relocalization, mitochondrial stress, and cytokines

FIGURE 3 | The regulatory relationship between different innate immune pathways in DW and homeostasis. The effects of the regulatory relationship between TLR,
JAK-STAT, NLPR3, cGAS-STING signal pathways, and homeostasis in DW. After the formation of DW, PAMPs and DAMPs activate PRRs as initiating factors, inducing
the activation of TLR, NLPR3, and cGAS-STING signal pathways, activate the expression of type I interferon and other immunoregulatory molecules. JAK-STAT
mediates extracellular-nuclear regulation of various cytokines/chemokines. Mitochondrial damage, endoplasmic reticulum stress, and lysosomal membrane
permeabilization are involved in the activation and regulation of signal pathways. Mitochondrial autophagy and apoptosis play an immune silencing role in maintaining
immune homeostasis. A, B, C, and D represent four signaling pathways respectively.
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released into the cytoplasm after injury (mtROS, mtDNA, or
cardiolipin), ion channel potassium outflow, sodium/calcium
influx, and cathepsin release after lysosomal injury (Lamkanfi and
Dixit, 2012; Guo et al., 2015). PPARα agonists (such as Fenofibrate)
can reduce the expression of TXNIP, NLRP3, and caspase-1 in
endothelial precursor cells (EPC) of DM mice and accelerate
wound healing of DM mice (Deng et al., 2017). External use of
sulfonylureas (such as Glibenclamide) can inhibit the activation of
NLRP3, up-regulate IL-10, IGF-1 and TGF-β, down-regulate IL-1β,
IL-18, and TNF-α, and as a result down-regulate the pro-
inflammatory M1 phenotype, up-regulate the pro-healing M2
phenotype and promote wound healing in DM mice (Mirza et al.,
2014). After blocking the P2X7 receptors of the sodium/calcium
influx channel, the activities of NLRP3 and caspase-1 are down-
regulated, the production of IL-1β and IL-18 is reduced, and the rate
of DW angiogenesis and healing is accelerated (Bitto et al., 2014).
Blocking the potassium efflux channel (TWIK2) can also down-
regulateNLRP3 activation inMp (Di et al., 2018). Besides,Metformin

inhibits NLRP3 activation through the AMPK/mTOR signaling
pathway and promotes M2-type polarization of Mp, and is
beneficial to Non-DW healing (Qing et al., 2019). Recent studies
have found that phosphorylation of NLRP3 inflammasome at the
S194 site is an important initiation event for its activation, and
blocking NLRP3 phosphorylation by S194A mutation or JNK1
inhibitor can inhibit NLRP3 inflammasome activation (Song et al.,
2017). This suggests that preventive regulation of the aggregation of
inflammatory cells from upstreammay have a beneficial effect on the
prevention and treatment of DW. (Table 3).

Targeting Abnormal Activation of
cGAS-STING Signaling Under Metabolic
Stress Shows the Potential to Promote
Diabetic wound Healing
cGAS-STING signaling was initially thought to activate innate
immunity by identifying DNA derived from microorganisms such

TABLE 3 | Effects of modulating innate immunity pathways in experimental DW.

Innate immune
pathway

Knockout mice models Intervention (agent) Mechanism

TLR signaling TLR2−/− — TLR2/6-MyD88-NF-κb↓
IL- 1β, TNF-α↓
DW Healing ↑ Dasu et al. (2010)

TLR4−/− — TLR4-NF-κb↓
IL-6, TNF-α↓
DW Healing ↑ Dasu and Jialal, (2013)

Leprdb/db nAChR agonists (nicotine). TLR2-NF-κb↓
AMP, IL-6↓
DW Healing ↑ Kishibe et al. (2018)

TLR3−/− REG3A IL-33, REG3A/ RegIIIγ ↑ TLR3–JNK2 ↓ IL-6, TNF-α↓
JNK2−/− SHP-1 inhibitor (SSG). DW Healing ↑ Wu et al. (2016)
Mll1f/fLyz2Cre+ TLR4 inhibition MLL1-mediated H3K4me3 ↑ TLR4-MyD88↓
TLR4−/− (TAK-242). DW Healing↑Davis et al. (2020)

NLRP3 inflammasome Leprdb/db Bitto et al. (2014) HSWang et al. (2018) NLRP3 inflammasome-caspase-1-il-1β/il-18 axis↓
I-κb kinase-β inhibitor (BAY 11–7,082). IL-1β, IL-18↓
Purinergic P2X7 receptor inhibitor (brilliant
blue G).

DW Healing ↑ Bitto et al. (2014)

— PPARα agonists (Fenofibrate). ROS/TXNIP-NLRP3 inflammasome-caspase-1-il-1β/il-18
axis↓
DW Healing ↑ Deng et al. (2017)

— NLRP3 inhibitor (MCC950). TLR-4/TLR-9-NF-κb↓
TLR-4 inhibitor (CLI-095). ROS/TXNIP-NLRP3 inflammasome-caspase-1-il-1β/il-18

axis↓
TLR-9 inhibitor (ODN 2088). IL-1β, IL-18↓
ROS inhibitor (NAC, dnase I). DW Healing ↑ Liu et al. (2019)

Leprdb/db ROS inhibitor (NAC, dnase I). NLRP3 inflammasome-caspase-1-il-1β/il-18 axis↓ IL-1β,
IL-18↓

IL-1β blocking antibody (IL-1R1). DW Healing ↑ Mirza et al. (2014)
Glyburide caspase-1 inhibitor (YVAD).

cGAS-STING signaling STING−/-
— Mitochondrial damage-cGAS-STING-IRF3 ↓ ICAM-1↓

Improve IR, Glucose intolerance Mao et al. (2017)
JAK-STAT signaling Leprdb/db — IL-12-Stat4↑

CCL2-CCR2↑
DW Healing ↓ Cunnion et al. (2017)

— — IL-6 -il-6rα-jak-stat3↑
SCOS3, DW Healing ↓ Lee et al. (2019)

Partial abbreviation: TLR: Toll-like receptor, STZ: Streptozotocin, NF-κB: Nuclear factor-κB, IL: Interleukin, TNF-α: Tumor necrosis factor-α, nAChRs: Nicotinic acetylcholine receptors,
AMP: Adenosine monophosphate, REG3A: Regenerating islet-derived protein 3A, SHP-1: domain-containing protein-tyrosine phosphatase-1, HS: Heparan sulfate, PPARα: Peroxisome
proliferator-activated receptors α, EPC: Endothelial progenitor cells, IGF-1: Insulin-like growth factor-1, TGF-β: Transforming growth factor-β, IR: Insulin resistance.
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as viruses or bacteria. However, existing studies have shown that
under certain pathological conditions, this signaling pathway can also
sense cytoplasmicDNAas a cellular danger signal. CytoplasmicDNA
triggers a STING-dependent inflammatory response and is associated
with a variety of severe auto-inflammatory and immune diseases in
humans (Ahn et al., 2012), such as Aicardi-Goutières Syndrome
(AGS) (Pokatayev et al., 2016), Associated VasculopathyWith Onset
in Infancy (SAVI) (Liu et al., 2014), and Systemic Lupus
Erythematosus (SLE) (Kato et al., 2018). Besides, abnormal
activation of cGAS-STING under mitochondrial dysfunction or
metabolic stress can also induce more common diseases, such as
obesity (Luo et al., 2018; Bai et al., 2020) and obesity-induced
inflammation (Bai et al., 2017), insulin resistance, and glucose
intolerance (Mao et al., 2017), Non-Alcoholic Steatohepatitis
(NASH) (Yu et al., 2019), Chronic Obstructive Pulmonary disease
(COPD) (Qin et al., 2019), Age-relatedmacular degeneration (AMD)
(Wu et al., 2019), and Parkinson’s disease (PD) (Sliter et al., 2018), etc.
These diseases are often characterized by the excessive signal of
interferons and/or cytokines associated with cGAS-STING activation
(Li et al., 2013).

Acute pancreatitis (AP).is an acute inflammatory disease
characterized by extensive necrosis of pancreatic cells. The DNA
released after the death of pancreatic acinar cells activates the STING
signal in Mp, promotes the expression of downstream TNF-α and
IFN-β lead to aggravating the inflammation and pancreatic injury.
DMXAA-induced STING activation can further aggravate the
symptoms of AP. At the same time, inhibiting the activity of
STING through degrading the released DNA from dead acinar
cells by dnaseⅠor inactivate the pathway can both down-regulate
the expression of TNF-α and IFN-β, improve the progression of acute
inflammation (Zhao et al., 2018). Hidradenitis Suppurativa (HS).is a
stubborn and relapsed chronic skin inflammatory disease. Affected
by the imbalance of intracellular homeostasis and spontaneous DNA
damage caused by replication stress, IFI16 relocates from the nucleus
to the cytoplasm. It forms a complex with cGAS, prompting
keratinocytes to recognize cytoplasmic DNA to activate STING,
and prompting replication stress through cGAS/IFI16-STING
positive feedback from chronic and persistent inflammation
(Orvain and et al., 2020). It suggests that targeting the cGAS-
STING pathway can produce beneficial effects on acute and
chronic inflammatory diseases. Adipose tissue-specific knockout of
Oxidoreductase-like protein (DsbA-L) can lead to impaired
mitochondrial function, promote mtDNA release, and activate the
cGAS-STING pathway to cause inflammation and insulin resistance
(Bai et al., 2017). Inhibiting STING can down-regulate IL-6, IL-1β,
MCP-1, TNF-α, IFNα, and IFNβ, reduce cardiac inflammation and
fibrosis in mice with myocardial hypertrophy. Compared with
Endoplasmic reticulum stress (ES) inhibitor (4-PBA), ES activator
(Tg) pretreatment significantly increases the expression of STING
and up-regulates TBK1, IRF3, and NF-κB (Zhang P. et al., 2020). It
suggests that ES and mitochondrial damage caused by metabolic
stress can also activate the cGAS-STING pathway, and targeting the
cGAS-STING pathway has therapeutic potential for the treatment of
metabolic diseases (Chung et al., 2019). Finally, knockout STING can
improve the systemic insulin resistance and glucose intolerance in
high-fat fedmice (Mao et al., 2017), and the analysis ofMp found that
STING defect also decreased Mp proinflammatory M1 phenotype

(Luo et al., 2018). Finally, Palmitic acid (PA) induces the release of
mtDNA into the cytoplasm in a lipotoxic manner, activates the
cGAS-STING-IRF3 pathway (Mao et al., 2017), On the one hand, up-
regulates the expression of ICAM-1and induces endothelial cell
inflammation (Mao et al., 2017), on the other hand, mediates the
inactivation of Hippo-YAP pathway of endothelial cells and inhibits
angiogenesis (Yuan et al., 2017). This suggests the therapeutic
prospect of targeting the cGAS-STING signaling pathway in
diabetes and related complications such as DW. (Figure 3D and
Table 3).

Targeted Negative Regulation of JAK-STAT
Signaling in Diabetic wound Specific
Phases May Promote Healing
JAK-STAT signaling includes four JAKs (JAK1, JAK2, JAK3, and
Tyk2).and seven STATs (STAT1, STAT2, STAT3, STAT4,
STAT5A, STAT5B, AND STAT6). (Wan et al., 2021), and is
essential for the maintenance of homeostasis. Elevated IFN-γ and
JAK-STAT1 in obese patients induce adipocyte dysfunction and
insulin resistance (McGillicuddy et al., 2009). Knockout STAT4
effectively improved adipose tissue inflammation and insulin
resistance in high-fat fed mice (Dobrian et al., 2013), and
knockdown of Stat3 activity prevent diabetic glomerulopathy
inflammation and abnormal matrix synthesis at an early stage
(Lu et al., 2009). A significant increase in expression of STAT4
and the downstreamMp chemokine CCL2 and its receptor CCR2
were also found in early DW, which may be related to the release
of IL-12 by pro-inflammatory Mp and the continuous activation
of IL-12-STAT4 (Cunnion et al., 2017). It is suggested that
STAT4 inhibition can improve the inflammatory response in
DW and promote healing.

Cytokines (pro-inflammatory and anti-inflammatory).,
growth factors, and chemokines in DW can activate the JAK-
STAT pathway, however, they trigger different transcriptional
programs. Posttranslational modifications of STAT proteins,
such as tyrosine phosphorylation, are essential to ensure
differential expression of STAT target genes (Dodington et al.,
2018). JAK-STAT signaling is inhibited by SH2-containing
phosphatase, protein inhibitors against STATs, and suppressor
of cytokine signaling suppressor of cytokine signaling (SOCS).
(Wormald and Hilton, 2004; Galic et al., 2014), protein tyrosine
phosphatases (PTPs).are also important negative regulators of
this signaling pathway (Gurzov et al., 2015). A recent study found
that there is nearly 2-fold decreased SOCS3 expression in DW,
and greater up to 6-fold IL-6 and IL-6Rα protein expression
throughout the majority of the wound healing period, leading to a
subsequent increase in phosphorylation of STAT3, this suggests
that the apparent upregulation of IL-6 and its receptor in the
diabetic skin, as well as inhibition of SOCS3, may lead to
increased STAT3 activation and ultimately result in
dysregulated inflammation in DW (Lee et al., 2019).
Furthermore, STAT3 activation by IL-6 was partly attenuated
by Mito-Q, a mitochondrial-targeted antioxidant, suggesting that
mtROS potentiates STAT3 signaling in response to IL-6 exposure
(Abid et al., 2020), and also suggested that targeted oxidative
stress and mitochondrial damage could inhibit the activation of
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JAK-STAT signals and promote DW healing. IL-6R-mediated
gp130 /JAK-STAT3 signal loops are also negatively modulated by
SOCS3, SOCS3 is expressed in the epithelium at the edge of the
injured wound (Goren et al., 2006; Linke et al., 2010), and SOCS3
overexpressed specifically strongly disturbs DW healing by
interfering with keratinocyte proliferation and migration
(Linke et al., 2010), However, specific deletion of SOCS3 in
keratinocytes delayed healing as well, resulting in the
hyperproliferative epidermis and prolonged inflammation (Zhu
et al., 2008). The research on JAK-STAT regulation immune cells
in DW indicated that deregulated immune response in which
impaired activation, recruitment and survival of immune cells
mediated by downregulation of FOXM1 and STAT3 contribute to
the delayed wound healing in DFU (Sawaya et al., 2020). This
suggests that we need to further understand the effects of SOCS3
on the positive and/or negative regulation of different effector
cells in DW. Furthermore, hyperglycemia up-regulated the
expression of PTP1B and inhibited VEGF-induced vascular
formation, proliferation, and migration (Zhang et al., 2015),
PTP1B activity was significantly elevated in DW, topically
applied PTP1B inhibitor may help counterbalance ER stress
(Thiebaut et al., 2018) and accelerate DW healing (Zhang
et al., 2017; Figueiredo et al., 2020). This may be due to the
distinct tissue environments or the competing effects of cytokines
that signal through JAK-STAT. IL-6R activates the JAK1/JAK2-
STAT3 cascade, IL-10R activates the JAK1/TYK2-STAT3
cascade, also both JAK2 and TYK2 are targets of PTP1B, but
PTP1B was not required for inhibition of the proinflammatory
receptor IL-6R, PTP1B may be particularly important in
regulating IL-10R given that this receptor does not contain a
SOCS3-binding site (Pike et al., 2014). In a word, the
manipulation of JAK-STAT signaling is a promising
therapeutic angle for the treatment of DW. Nonetheless, the
pleiotropic biological activities of JAK-STAT signaling imply that
targeting therapy to isolated cytokines and/or chemokines at
specific stages of the disease might be most beneficial.
(Figure 3B and Table 3).

The Contact Between the Innate Immune
Signaling
Just as the factors affecting wound healing are not only single
factors, TLR, NLRP3 inflammasome, and cGAS-STING are also
associated with DW. First, LPS cannot induce the production of
NLRP3 or pro-IL-1β in TLR4 defects or MyD88 and TRIF
double-defects cells, and the induced expression of NLRP3 is
positively correlated with NF-κB (Bauernfeind et al., 2009). It
suggests that the TLR4 pathway and downstream activated NF-
κB can regulate the activation of NLRP3, which can regulate the
pathologic inflammation associated with NLRP3 inflammasome
by targeting TLR. Second, the detection of DNA in the cytoplasm
by cGAS-STING triggers lysosomal membrane permeabilization
leading to lysosomal cell death (LCD), induces the efflux of
potassium, and drives the activation of NLRP3 inflammasome.
It suggests that targeting the cGAS-STING-LCD-NLRP3 pathway
can improve pathologic inflammation associated with
cytoplasmic DNA (Gaidt et al., 2017). Besides, during the

activation of typical or atypical inflammasome triggered by
inflammatory cell activation, all inflammatory caspases
(caspase-1, 4, 5, 11) can cleave cGAS to regulate the cGAS-
STING pathway negatively (Wang Y. et al., 2017), and apoptotic
caspases (caspase-3, 7) released at the time of apoptosis can also
cleave cGAS to prevent unnecessary or excessive immune
activation (Ning et al., 2019). It suggests that it is vital to
clarify the mechanisms of precise regulation between different
innate immune pathways to maintain homeostasis.

Mitochondrial damage or loss of membrane integrity leading to
the release or exposure ofMitochondrial components (mtDNA, ROS,
cardiolipin) to the cytoplasm, which plays a key regulatory role in the
activation of the NLRP3 inflammasome, TLR, cGAS-STING
pathway and the formation of NETs. For example, any
pathological state that causes mtDNA to leak into the cytoplasm
can promote the activation of the cGAS-STING pathway. The
appearance of cardiolipin (Iyer et al., 2013; Toksoy et al., 2017),
mtDNA, and ROS (Lamkanfi andDixit, 2012; Guo et al., 2015) in the
cytoplasm lead to the activation of the NLRP3 inflammasome.
MtDNA activates TLR9 and STING pathways to promote the
formation of NETs. These suggest that the pivotal role of
mitochondrial homeostasis in innate immune signals, and
treatments that promote mitochondrial homeostasis will also
accelerate DW healing. (Figure 3).

CONCLUSION

Innate immunity is like a double-edged sword. While protecting
the body against metabolic stress or injury pressure, there is also a
risk of “hurt both enemies and selves”. Therefore, regulating it to
maintain a balanced state will play a promoting role in the
treatment of DW. Just as the spatial and temporal
synchronization in the expression of innate immune cells
during the healing process of DW, these different innate
immune pathways also have complex connections. Multiple
different innate immune pathways may regulate the process of
DW, or the transduction of different innate immune pathways
may vary at different stages of DW healing. At present, there are
few studies based on the crosstalk between multiple signal
pathways of the same disease, or the roles of different signal
pathways in different periods of the same disease. Therefore,
further in-depth study of the differences in the temporal and
spatial expression of these innate immune signals will also help us
to clarify the pathogenic mechanisms of DW and provide
evidence for further prevention and treatment. Besides,
activating or inhibiting innate immune signal pathways may
improve the disease. However, it may also lead to the
proliferation and deterioration of tumor cells or immune
deficiency and increased susceptibility. Therefore, whether the
activation or inhibition of innate immune pathways has more
advantages than disadvantages for DW healing is also worth
further discussion.

In this review, the relationship between chronic inflammation
and continuously innate immune activation in DWwas discussed
from the perspective of immune-aging. Firstly, the phenotype
changes of innate immune cells under the cell senescent
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phenotype in DWwere identified, such as the feedback loop from
delayed activation early and fade delay late of PMNs and
oxidative stress aggravate tissue damage, the persistent
proinflammatory phenotype of Mp in the metabolic immune
microenvironment maintains the release of pro-inflammatory
factors. In addition, we discussed several immune-related
pathways that trigger inflammation from the perspective of
mitochondrial injury and endoplasmic reticulum stress under
metabolic stress. Then, make a point that continuous activation of
TLR, NLR, and cGAS-STING signals may negatively regulate
DW healing. Cytokine and/or chemokine targeting therapy in
response to the pleiotropic bioactivity of the JAK-STAT signal. In
summary, we provide a series of new potential therapeutic targets
for future research on DW.

Positive Effect of Specialized Pro-Resolving
Mediators in Promoting the Timely
Resolution of Inflammation and
Reconstructing the Self-Limiting
Mechanism of Inflammation
As a new therapeutic method in many acute and chronic
inflammatory diseases, Specialized pro-resolving mediators
(SPMs).has become a research hotspot (Fullerton and Gilroy,
2016). Low levels of circulating SPMs in DM patients give this
population the potential to be treated with SPMs (Spite et al.,
2014; Brennan et al., 2019). SPMs promote PMNs clearance,
inflammation regression, and epithelial tissue repair (Quiros and
Nusrat, 2019), local injection of Resolvin D1 (RvD1).in DW can
correct the phagocytosis functional defects of Mp, clearance of
apoptotic PMNs, and promote wound healing (Tang et al., 2013).
Further research has found that RvD1 can also alleviate oxidative
stress damage, reduce PMNs infiltration, up-regulate M2
phenotype of Mp by reducing the expression of IL-1β and
TNF-α, to promote corneal epithelial wound healing in DM
mice (Zhang et al., 2018). Subsequent research also pointed to
the role of RvD1 in inhibiting the activation of NLRP3
inflammasome. By inhibiting the activation of NLRP3, ASC,
caspase-1, and NF-κB to reduce the production of IL-1β and
IL-18, propelling RvD1 to be expected an effective means to
alleviate the progression of diabetic retinopathy (Yin et al., 2017).
Studies on the other members of the SPMs family such as
Resolvin D2 (RvD2). also found similar mechanisms (Lopategi
et al., 2019). Maresin-1 (MaR1).promotes the differentiation of
Mp to M2 phenotype and accelerates the regeneration of
damaged tissue (Abdulnour et al., 2014), besides, MaR1 helps
maintain normal mitochondrial function, alleviates the damage
to mitochondria from oxidative stress by reducing the production
of ROS, and avoids the release of mtDNA (Gu et al., 2018).
Recently, the discovery of MAR1-specific binding receptors
RORα(Han et al., 2019)and LGR6 (Chiang et al., 2019)also
opened a new direction for the research of MAR1 (Im, 2020).
A clinical correlation study also found that decreased plasma
Mar1 concentration is associated with DFU (Miao et al., 2020),
which further suggests that MAR1 may have a therapeutic effect
in DW, but the deeper mechanism and the regulation of innate
immune pathways need further study.

Regulating Oxidative Stress and Protecting
Mitochondrial Homeostasis
Resveratrol and synthetic sirtuin activators (Maiese, 2015) have a
well-established diminished oxidative stress action, may contribute to
the conferring effect of reducing chronic low-grade inflammation and
promote DW healing, and further studies will develop new
therapeutic strategies for DW (Zhang Y. et al., 2020).

Improve Autophagy Pathway Defects
Endoplasmic reticulum stress-induced autophagy deficiency is
associated with chronic inflammation observed in patients with
diabetes (Wang et al., 2013), AURKA via Targeting FOXO3a
enhanced autophagy of Adipose-Derived Stem Cells
(ADSC).promote DW healing (Yin et al., 2020). Exosomes
from ADSC can also induce miR-128-3p/SIRT1-mediated
autophagy to promote DW healing (Shi et al., 2020). Given
the protective role of autophagy in the inhibition of apoptosis
and the overactivation of NLPR3 and cGAS-STING, targeted
autophagy will also become an effective means in DW healing.

Suppression of Ferroptosis
Targeting Ferroptosis in immune cells and immunotherapy has
shown significant effects (Wang W. et al., 2019). Recent studies
have shown that iron overload can induce Ferroptosis in Mp (Wang
Q. et al., 2017), GPX4 is a key protein in inhibiting Ferroptosis, and
RSL3, as an inhibitor of GPX4, can induce Ferroptosis in M2 Mp
(Kapralov et al., 2020). Some Ferroptosis-related metal transporters
such as ZIP14 (SLC39A14).may also play a regulatory role in the
immune system (Yu et al., 2020). Therefore, elucidating themolecular
mechanism of Ferroptosis in immune cells will contribute to the
development of new therapeutic strategies for DW, which is a
promising research direction.

In a word, it is foreseeable that with the strategy of “promoting
the timely regression of inflammation and reconstructing the self-
limiting mechanism of inflammation”, by reprogramming
immune cells rather than inhibiting the inflammatory
response, finding the spatial and temporal synchronization in
innate immune response and inflammatory response during the
process of DW healing, will be a promising area of research with
the potential to identify novel therapeutic strategies.

AUTHOR CONTRIBUTIONS

YX provided the scope of the research, conceived the manuscript
structure. KG and XM oversaw the writing of the manuscript and
drafted the final version of the manuscript; YX conducted the
literature review and wrote the first draft of the manuscript; ZJ,
HW, CG, YP and LL revised the manuscript for important
intellectual content.

FUNDING

The work was supported by grants from the National Natural
Science Foundation of China (NO. 81970676), Science and

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 65394013

Geng et al. Diabetic Wound Healing

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Technology Development Fund of Macau (File No. 0055/2019/
AMJ), Sichuan Science and Technology Program (NOs.

2019YFS0537, 2020YFS0456) and Luzhou-Southwest Medical
University cooperation project (2018LZXNYD-ZK11).

REFERENCES

Abdulnour, R.-E. E., Dalli, J., Colby, J. K., Krishnamoorthy, N., Timmons, J. Y.,
Tan, S. H., et al. (2014). Maresin 1 biosynthesis during platelet-neutrophil
interactions is organ-protective. Proc. Natl. Acad. Sci. USA 111 (46),
16526–16531. doi:10.1073/pnas.1407123111

Abid, H., Ryan, Z. C., Delmotte, P., Sieck, G. C., and Lanza, I. R. (2020).
Extramyocellular interleukin-6 influences skeletal muscle mitochondrial
physiology through canonical JAK/STAT signaling pathways. FASEB j. 34
(11), 14458–14472. doi:10.1096/fj.202000965rr

Acosta, J. B., Garcia del Barco, D., Cibrian Vera, D., Savigne, W., Lopez-Saura, P.,
Guillen Nieto, G., et al. (2008). The pro-inflammatory environment in
recalcitrant diabetic foot wounds. Int. Wound J. 5 (4), 530–539. doi:10.1111/
j.1742-481x.2008.00457.x

Ahn, J., Gutman, D., Saijo, S., and Barber, G. N. (2012). STING manifests self
DNA-dependent inflammatory disease. Proc. Natl. Acad. Sci. 109 (47),
19386–19391. doi:10.1073/pnas.1215006109

Akita, S. (2019). Wound repair and regeneration: mechanisms, signaling. Int.
J. Mol. Sci. 20 (24). doi:10.3390/ijms20246328

Albina, J. E., Mills, C. D., Henry, W. L., and Caldwell, M. D. (1990). Temporal
expression of different pathways of 1-arginine metabolism in healing wounds.
J. Immunol. 144 (10), 3877–3880.

Auffray, C., Fogg, D., Garfa, M., Elain, G., Join-Lambert, O., Kayal, S., et al. (2007).
Monitoring of blood vessels and tissues by a population of monocytes with
patrolling behavior. Science 317 (5838), 666–670. doi:10.1126/science.1142883

Bai, J., Cervantes, C., He, S., He, J., Plasko, G. R., Wen, J., et al. (2020).
Mitochondrial stress-activated cGAS-STING pathway inhibits thermogenic
program and contributes to overnutrition-induced obesity in mice.
Commun. Biol. 3 (1), 257. doi:10.1038/s42003-020-0986-1

Bai, J., Cervantes, C., Liu, J., He, S., Zhou, H., Zhang, B., et al. (2017). DsbA-L
prevents obesity-induced inflammation and insulin resistance by suppressing
the mtDNA release-activated cGAS-cGAMP-STING pathway. Proc. Natl.
Acad. Sci. USA 114 (46), 12196–12201. doi:10.1073/pnas.1708744114

Bainbridge, P. (2013). Wound healing and the role of fibroblasts. J. Wound Care 22
(8), 407–412. doi:10.12968/jowc.2013.22.8.407

Bando, T., Yokoyama, H., and Nakamura, H. (2018). Wound repair, remodeling,
and regeneration. Develop. Growth Differ. 60 (6), 303–305. doi:10.1111/dgd.
12566

Barman, P. K., Urao, N., and Koh, T. J. (2019). Diabetes induces myeloid bias in
bone marrow progenitors associated with enhanced wound macrophage
accumulation and impaired healing. J. Pathol. 249 (4), 435–446. doi:10.
1002/path.5330

Bauernfeind, F. G., Horvath, G., Stutz, A., Alnemri, E. S., MacDonald, K., Speert, D., et al.
(2009). Cutting edge: NF-κB activating pattern recognition and cytokine receptors
license NLRP3 inflammasome activation by regulating NLRP3 expression.
J. Immunol. 183 (2), 787–791. doi:10.4049/jimmunol.0901363

Berlanga-Acosta, J. A., Guillén-Nieto, G. E., Rodríguez-Rodríguez, N., Mendoza-
Mari, Y., Bringas-Vega, M. L., Berlanga-Saez, J. O., et al. (2020). Cellular
senescence as the pathogenic hub of diabetes-related wound chronicity. Front.
Endocrinol. (Lausanne)11, 573032. doi:10.3389/fendo.2020.573032

Bitto, A., Altavilla, D., Pizzino, G., Irrera, N., Pallio, G., Colonna, M. R., et al.
(2014). Inhibition of inflammasome activation improves the impaired pattern
of healing in genetically diabetic mice. Br. J. Pharmacol. 171 (9), 2300–2307.
doi:10.1111/bph.12557

Boniakowski, A. E., Kimball, A. S., Jacobs, B. N., Kunkel, S. L., and Gallagher, K. A.
(2017). Macrophage-mediated inflammation in normal and diabetic wound
healing. J.I. 199 (1), 17–24. doi:10.4049/jimmunol.1700223

Brancato, S. K., and Albina, J. E. (2011). Wound macrophages as key regulators of
repair. Am. J. Pathol. 178 (1), 19–25. doi:10.1016/j.ajpath.2010.08.003

Brennan, E. P., Mohan, M., Andrews, D., Bose, M., and Kantharidis, P. (2019).
Specialized pro-resolving mediators in diabetes: novel therapeutic strategies.
Clin. Sci. (Lond)133 (21), 2121–2141. doi:10.1042/cs20190067

Cairo, G., Recalcati, S., Mantovani, A., and Locati, M. (2011). Iron trafficking and
metabolism in macrophages: contribution to the polarized phenotype. Trends
Immunol. 32 (6), 241–247. doi:10.1016/j.it.2011.03.007

Cam, M. E., Yildiz, S., Alenezi, H., Cesur, S., Ozcan, G. S., Erdemir, G., et al. (2020).
Evaluation of burst release and sustained release of pioglitazone-loaded fibrous
mats on diabetic wound healing: an in vitro and in vivo comparison study. J. R.
Soc. Interf. 17 (162), 20190712. doi:10.1098/rsif.2019.0712

Carlin, L. M., Stamatiades, E. G., Auffray, C., Hanna, R. N., Glover, L., Vizcay-
Barrena, G., et al. (2013). Nr4a1-Dependent Ly6Clow monocytes monitor
endothelial cells and orchestrate their disposal. Cell 153 (2), 362–375.
doi:10.1016/j.cell.2013.03.010

Chen, L., Guo, S., Ranzer, M. J., and DiPietro, L. A. (2013). Toll-like receptor 4 has
an essential role in early skin wound healing. J. Invest. Dermatol. 133 (1),
258–267. doi:10.1038/jid.2012.267

Chen, X., Liu, Y., and Zhang, X. (2012). Topical insulin application improves
healing by regulating the wound inflammatory response.Wound Repair Regen.
20 (3), 425–434. doi:10.1111/j.1524-475x.2012.00792.x

Cheng, T.-L., Lai, C.-H., Chen, P.-K., Cho, C.-F., Hsu, Y.-Y., Wang, K.-C., et al.
(2015). Thrombomodulin promotes diabetic wound healing by regulating toll-
like receptor 4 expression. J. Invest. Dermatol. 135 (6), 1668–1675. doi:10.1038/
jid.2015.32

Chiang, N., Libreros, S., Norris, P. C., de la Rosa, X., and Serhan, C. N. (2019).
Maresin 1 activates LGR6 receptor promoting phagocyte immunoresolvent
functions. J. Clin. Invest. 129 (12), 5294–5311. doi:10.1172/jci129448

Cho, N. H., Shaw, J. E., Karuranga, S., Huang, Y., da Rocha Fernandes, J. D.,
Ohlrogge, A. W., et al. (2018). IDF Diabetes Atlas: global estimates of diabetes
prevalence for 2017 and projections for 2045. Diabetes Res. Clin. Pract. 138,
271–281. doi:10.1016/j.diabres.2018.02.023

Chorro, L., Sarde, A., Li, M., Woollard, K. J., Chambon, P., Malissen, B., et al.
(2009). Langerhans cell (LC) proliferation mediates neonatal development,
homeostasis, and inflammation-associated expansion of the epidermal LC
network. J. Exp. Med. 206 (13), 3089–3100. doi:10.1084/jem.20091586

Chung, K. W., Dhillon, P., Huang, S., Sheng, X., Shrestha, R., Qiu, C., et al. (2019).
Mitochondrial damage and activation of the STING pathway lead to renal
inflammation and fibrosis. Cel Metab. 30 (4), 784–799. doi:10.1016/j.cmet.2019.
08.003

Criscitelli, T. (2018). The future of wound care. AORN J. 107 (4), 427–429. doi:10.
1002/aorn.12118

Cunnion, K. M., Krishna, N. K., Pallera, H. K., Pineros-Fernandez, A., Rivera, M.
G., Hair, P. S., et al. (2017). Complement activation and STAT4 expression are
associated with early inflammation in diabetic wounds. PLoS One 12 (1),
e0170500. doi:10.1371/journal.pone.0170500

Dai, J., Zhang, X., Li, L., Chen, H., and Chai, Y. (2017). Autophagy inhibition
contributes to ROS-producing NLRP3-dependent inflammasome activation
and cytokine secretion in high glucose-induced macrophages. Cell Physiol
Biochem 43 (1), 247–256. doi:10.1159/000480367

Dal-Secco, D., Wang, J., Zeng, Z., Kolaczkowska, E., Wong, C. H. Y., Petri, B., et al.
(2015). A dynamic spectrum of monocytes arising from the in situ
reprogramming of CCR2+ monocytes at a site of sterile injury. J. Exp. Med.
212 (4), 447–456. doi:10.1084/jem.20141539

Daley, J. M., Brancato, S. K., Thomay, A. A., Reichner, J. S., and Albina, J. E. (2010).
The phenotype of murine wound macrophages. J. Leukoc. Biol. 87 (1), 59–67.
doi:10.1189/jlb.0409236

Daley, J. M., Reichner, J. S., Mahoney, E. J., Manfield, L., Henry, W. L.,
Mastrofrancesco, B., et al. (2005). Modulation of macrophage phenotype by
soluble product(s) released from neutrophils. J. Immunol. 174 (4), 2265–2272.
doi:10.4049/jimmunol.174.4.2265

Das, A., Sinha, M., Datta, S., Abas, M., Chaffee, S., Sen, C. K., et al. (2015).
Monocyte and macrophage plasticity in tissue repair and regeneration. Am.
J. Pathol. 185 (10), 2596–2606. doi:10.1016/j.ajpath.2015.06.001

Dasu, M. R., Devaraj, S., Zhao, L., Hwang, D. H., and Jialal, I. (2008). High glucose
induces toll-like receptor expression in human monocytes: mechanism of
activation. Diabetes 57 (11), 3090–3098. doi:10.2337/db08-0564

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 65394014

Geng et al. Diabetic Wound Healing

https://doi.org/10.1073/pnas.1407123111
https://doi.org/10.1096/fj.202000965rr
https://doi.org/10.1111/j.1742-481x.2008.00457.x
https://doi.org/10.1111/j.1742-481x.2008.00457.x
https://doi.org/10.1073/pnas.1215006109
https://doi.org/10.3390/ijms20246328
https://doi.org/10.1126/science.1142883
https://doi.org/10.1038/s42003-020-0986-1
https://doi.org/10.1073/pnas.1708744114
https://doi.org/10.12968/jowc.2013.22.8.407
https://doi.org/10.1111/dgd.12566
https://doi.org/10.1111/dgd.12566
https://doi.org/10.1002/path.5330
https://doi.org/10.1002/path.5330
https://doi.org/10.4049/jimmunol.0901363
https://doi.org/10.3389/fendo.2020.573032
https://doi.org/10.1111/bph.12557
https://doi.org/10.4049/jimmunol.1700223
https://doi.org/10.1016/j.ajpath.2010.08.003
https://doi.org/10.1042/cs20190067
https://doi.org/10.1016/j.it.2011.03.007
https://doi.org/10.1098/rsif.2019.0712
https://doi.org/10.1016/j.cell.2013.03.010
https://doi.org/10.1038/jid.2012.267
https://doi.org/10.1111/j.1524-475x.2012.00792.x
https://doi.org/10.1038/jid.2015.32
https://doi.org/10.1038/jid.2015.32
https://doi.org/10.1172/jci129448
https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.1084/jem.20091586
https://doi.org/10.1016/j.cmet.2019.08.003
https://doi.org/10.1016/j.cmet.2019.08.003
https://doi.org/10.1002/aorn.12118
https://doi.org/10.1002/aorn.12118
https://doi.org/10.1371/journal.pone.0170500
https://doi.org/10.1159/000480367
https://doi.org/10.1084/jem.20141539
https://doi.org/10.1189/jlb.0409236
https://doi.org/10.4049/jimmunol.174.4.2265
https://doi.org/10.1016/j.ajpath.2015.06.001
https://doi.org/10.2337/db08-0564
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Dasu, M. R., and Jialal, I. (2013). Amelioration in wound healing in diabetic toll-
like receptor-4 knockout mice. J. Diabetes its Complications 27 (5), 417–421.
doi:10.1016/j.jdiacomp.2013.05.002

Dasu, M. R., and Martin, S. J. (2014). Toll-like receptor expression and signaling in
human diabetic wounds. Wjd 5 (2), 219–223. doi:10.4239/wjd.v5.i2.219

Dasu, M. R., and Rivkah Isseroff, R. (2012). Toll-like receptors in wound healing:
location, accessibility, and timing. J. Invest. Dermatol. 132 (8), 1955–1958.
doi:10.1038/jid.2012.208

Dasu, M. R., Thangappan, R. K., Bourgette, A., DiPietro, L. A., Isseroff, R., and
Jialal, I. (2010). TLR2 expression and signaling-dependent inflammation impair
wound healing in diabetic mice. Lab. Invest. 90 (11), 1628–1636. doi:10.1038/
labinvest.2010.158

Davies, L. C., Rosas, M., Smith, P. J., Fraser, D. J., Jones, S. A., and Taylor, P. R.
(2011). A quantifiable proliferative burst of tissue macrophages restores
homeostatic macrophage populations after acute inflammation. Eur.
J. Immunol. 41 (8), 2155–2164. doi:10.1002/eji.201141817

Davis, F. M., denDekker, A., Kimball, A., Joshi, A. D., El Azzouny, M., Wolf, S. J.,
et al. (2020). Epigenetic regulation of TLR4 in diabetic macrophages modulates
immunometabolism and wound repair. J.I. 204 (9), 2503–2513. doi:10.4049/
jimmunol.1901263

Demaria, M., Ohtani, N., Youssef, S. A., Rodier, F., Toussaint, W., Mitchell, J. R.,
et al. (2014). An essential role for senescent cells in optimal wound healing
through secretion of PDGF-AA. Dev. Cel 31 (6), 722–733. doi:10.1016/j.devcel.
2014.11.012

Deng, Y., Han, X., Yao, Z., Sun, Y., Yu, J., Cai, J., et al. (2017). PPARα agonist
stimulated angiogenesis by improving endothelial precursor cell function via a
NLRP3 inflammasome pathway. Cel Physiol Biochem 42 (6), 2255–2266. doi:10.
1159/000479999

Dhamodharan, U., Teena, R., Vimal Kumar, R., Changam, S. S., Ramkumar, K. M.,
and Rajesh, K. (2019). Circulatory levels of B-cell activating factor of the TNF
family in patients with diabetic foot ulcer: association with disease progression.
Wound Rep. Reg. 27 (5), 442–449. doi:10.1111/wrr.12720

Di, A., Xiong, S., Ye, Z., Malireddi, R. K. S., Kometani, S., Zhong, M., et al. (2018).
The TWIK2 potassium efflux c hannel in macrophages mediates
NLRP3 inflammasome-induced inflammation. Immunity 49 (1), 56–65.
doi:10.1016/j.immuni.2018.04.032

Dobrian, A. D., Galkina, E. V., Ma, Q., Hatcher, M., Aye, S. M., Butcher, M. J., et al.
(2013). STAT4 deficiency reduces obesity-induced insulin resistance and adipose
tissue inflammation. Diabetes 62 (12), 4109–4121. doi:10.2337/db12-1275

Dodington, D. W., Desai, H. R., and Woo, M. (2018). JAK/STAT - emerging
players in metabolism. Trends Endocrinol. Metab. 29 (1), 55–65. doi:10.1016/j.
tem.2017.11.001

Egozi, E. I., Ferreira, A. M., Burns, A. L., Gamelli, R. L., and Dipietro, L. A. (2003).
Mast cells modulate the inflammatory but not the proliferative response in
healing wounds. Wound Repair Regen. 11 (1), 46–54. doi:10.1046/j.1524-475x.
2003.11108.x

Fadini, G. P., Menegazzo, L., Rigato, M., Scattolini, V., Poncina, N., Bruttocao, A.,
et al. (2016). NETosis delays diabetic wound healing in mice and humans.
Diabetes 65 (4), 1061–1071. doi:10.2337/db15-0863

Figueiredo, A., Leal, E. C., and Carvalho, E. (2020). Protein tyrosine phosphatase
1B inhibition as a potential therapeutic target for chronic wounds in diabetes.
Pharmacol. Res. 159, 104977. doi:10.1016/j.phrs.2020.104977

Fox, S., Leitch, A. E., Duffin, R., Haslett, C., and Rossi, A. G. (2010). Neutrophil
apoptosis: relevance to the innate immune response and inflammatory disease.
J. Innate Immun. 2 (3), 216–227. doi:10.1159/000284367

Fullerton, J. N., and Gilroy, D. W. (2016). Resolution of inflammation: a new
therapeutic Frontier. Nat. Rev. Drug Discov. 15 (8), 551–567. doi:10.1038/nrd.
2016.39

Fulop, T., Larbi, A., Dupuis, G., Le Page, A., Frost, E. H., Cohen, A. A., et al. (2017).
Immunosenescence and inflamm-aging as two sides of the same coin: friends or
foes? Front. Immunol. 8, 1960. doi:10.3389/fimmu.2017.01960

Gaidt, M. M., Ebert, T. S., Chauhan, D., Ramshorn, K., Pinci, F., Zuber, S., et al.
(2017). The DNA inflammasome in human myeloid cells is initiated by a
STING-cell death program upstream of NLRP3. Cell 171 (5), 1110–1124.
doi:10.1016/j.cell.2017.09.039

Galic, S., Sachithanandan, N., Kay, T. W., and Steinberg, G. R. (2014). Suppressor
of cytokine signalling (SOCS) proteins as guardians of inflammatory responses

critical for regulating insulin sensitivity. Biochem. J. 461 (2), 177–188. doi:10.
1042/bj20140143

Gallagher, K. A., Joshi, A., Carson, W. F., Schaller, M., Allen, R., Mukerjee, S., et al.
(2015). Epigenetic changes in bone marrow progenitor cells influence the
inflammatory phenotype and alter wound healing in type 2 diabetes.
Diabetes 64 (4), 1420–1430. doi:10.2337/db14-0872

Galstyan, K. O., Nedosugova, L. V., Martirosian, N. S., Nikiforov, N. G., Elizova, N.
V., Kolmychkova, K. I., et al. (2019). Modification of tumor necrosis factor-
alpha and C-Cmotif chemokine ligand 18 secretion by monocytes derived from
patients with diabetic foot syndrome. Biology (Basel)9 (1). doi:10.3390/
biology9010003

Ganesh, G. V., and Ramkumar, K. M. (2020). Macrophage mediation in normal
and diabetic wound healing responses. Inflamm. Res. 69 (4), 347–363. doi:10.
1007/s00011-020-01328-y

González-de-Olano, D., and Álvarez-Twose, I. (2018). Mast cells as key players in
allergy and inflammation. J. Investig. Allergol. Clin. Immunol. 28 (6), 365–378.
doi:10.18176/jiaci.0327

Goren, I., Linke, A., Müller, E., Pfeilschifter, J., and Frank, S. (2006). The suppressor
of cytokine signaling-3 is upregulated in impaired skin repair: implications for
keratinocyte proliferation. J. Invest. Dermatol. 126 (2), 477–485. doi:10.1038/sj.
jid.5700063

Gu, J., Luo, L., Wang, Q., Yan, S., Lin, J., Li, D., et al. (2018). Maresin 1 attenuates
mitochondrial dysfunction through the ALX/cAMP/ROS pathway in the cecal
ligation and puncture mouse model and sepsis patients. Lab. Invest. 98 (6),
715–733. doi:10.1038/s41374-018-0031-x

Guo, H., Callaway, J. B., and Ting, J. P.-Y. (2015). Inflammasomes: mechanism of
action, role in disease, and therapeutics.Nat. Med. 21 (7), 677–687. doi:10.1038/
nm.3893

Gupta, M., Chaturvedi, R., and Jain, A. (2013). Role of monocyte chemoattractant
protein-1 (MCP-1) as an immune-diagnostic biomarker in the pathogenesis of
chronic periodontal disease. Cytokine 61 (3), 892–897. doi:10.1016/j.cyto.2012.
12.012

Gurtner, G. C., Werner, S., Barrandon, Y., and Longaker, M. T. (2008). Wound
repair and regeneration. Nature 453 (7193), 314–321. doi:10.1038/nature07039

Gurzov, E. N., Stanley, W. J., Brodnicki, T. C., and Thomas, H. E. (2015). Protein
tyrosine phosphatases: molecular switches in metabolism and diabetes. Trends
Endocrinol. Metab. 26 (1), 30–39. doi:10.1016/j.tem.2014.10.004

Han, Y.-H., Shin, K.-O., Kim, J.-Y., Khadka, D. B., Kim, H.-J., Lee, Y.-M., et al.
(2019). A maresin 1/RORα/12-lipoxygenase autoregulatory circuit prevents
inflammation and progression of nonalcoholic steatohepatitis. J. Clin. Invest.
129, 1684–1698. doi:10.1172/jci124219

Hashimoto, D., Chow, A., Noizat, C., Teo, P., Beasley, M. B., Leboeuf, M., et al.
(2013). Tissue-resident macrophages self-maintain locally throughout adult life
with minimal contribution from circulating monocytes. Immunity 38 (4),
792–804. doi:10.1016/j.immuni.2013.04.004

Hesketh, M., Sahin, K. B., West, Z. E., and Murray, R. Z. (2017). Macrophage
phenotypes regulate scar formation and chronic wound healing. Int. J. Mol. Sci.
18 (7). doi:10.3390/ijms18071545

Hoeffel, G., Wang, Y., Greter, M., See, P., Teo, P., Malleret, B., et al. (2012). Adult
Langerhans cells derive predominantly from embryonic fetal liver monocytes
with a minor contribution of yolk sac-derived macrophages. J. Exp. Med. 209
(6), 1167–1181. doi:10.1084/jem.20120340

Huebener, P., and Schwabe, R. F. (2013). Regulation of wound healing and organ
fibrosis by toll-like receptors. Biochim. Biophys. Acta (Bba) - Mol. Basis Dis.
1832 (7), 1005–1017. doi:10.1016/j.bbadis.2012.11.017

Im, D.-S. (2020). Maresin-1 resolution with RORα and LGR6. Prog. Lipid Res. 78,
101034. doi:10.1016/j.plipres.2020.101034

Ishida, Y., Gao, J.-L., and Murphy, P. M. (2008). Chemokine receptor CX3CR1
mediates skin wound healing by promoting macrophage and fibroblast
accumulation and function. J. Immunol. 180 (1), 569–579. doi:10.4049/
jimmunol.180.1.569

Italiani, P., and Boraschi, D. (2014). From monocytes to M1/M2 macrophages:
phenotypical vs. Functional differentiation. Front. Immunol. 5, 514. doi:10.
3389/fimmu.2014.00514

Iyer, S. S., He, Q., Janczy, J. R., Elliott, E. I., Zhong, Z., Olivier, A. K., et al. (2013).
Mitochondrial cardiolipin is required for Nlrp3 inflammasome activation.
Immunity 39 (2), 311–323. doi:10.1016/j.immuni.2013.08.001

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 65394015

Geng et al. Diabetic Wound Healing

https://doi.org/10.1016/j.jdiacomp.2013.05.002
https://doi.org/10.4239/wjd.v5.i2.219
https://doi.org/10.1038/jid.2012.208
https://doi.org/10.1038/labinvest.2010.158
https://doi.org/10.1038/labinvest.2010.158
https://doi.org/10.1002/eji.201141817
https://doi.org/10.4049/jimmunol.1901263
https://doi.org/10.4049/jimmunol.1901263
https://doi.org/10.1016/j.devcel.2014.11.012
https://doi.org/10.1016/j.devcel.2014.11.012
https://doi.org/10.1159/000479999
https://doi.org/10.1159/000479999
https://doi.org/10.1111/wrr.12720
https://doi.org/10.1016/j.immuni.2018.04.032
https://doi.org/10.2337/db12-1275
https://doi.org/10.1016/j.tem.2017.11.001
https://doi.org/10.1016/j.tem.2017.11.001
https://doi.org/10.1046/j.1524-475x.2003.11108.x
https://doi.org/10.1046/j.1524-475x.2003.11108.x
https://doi.org/10.2337/db15-0863
https://doi.org/10.1016/j.phrs.2020.104977
https://doi.org/10.1159/000284367
https://doi.org/10.1038/nrd.2016.39
https://doi.org/10.1038/nrd.2016.39
https://doi.org/10.3389/fimmu.2017.01960
https://doi.org/10.1016/j.cell.2017.09.039
https://doi.org/10.1042/bj20140143
https://doi.org/10.1042/bj20140143
https://doi.org/10.2337/db14-0872
https://doi.org/10.3390/biology9010003
https://doi.org/10.3390/biology9010003
https://doi.org/10.1007/s00011-020-01328-y
https://doi.org/10.1007/s00011-020-01328-y
https://doi.org/10.18176/jiaci.0327
https://doi.org/10.1038/sj.jid.5700063
https://doi.org/10.1038/sj.jid.5700063
https://doi.org/10.1038/s41374-018-0031-x
https://doi.org/10.1038/nm.3893
https://doi.org/10.1038/nm.3893
https://doi.org/10.1016/j.cyto.2012.12.012
https://doi.org/10.1016/j.cyto.2012.12.012
https://doi.org/10.1038/nature07039
https://doi.org/10.1016/j.tem.2014.10.004
https://doi.org/10.1172/jci124219
https://doi.org/10.1016/j.immuni.2013.04.004
https://doi.org/10.3390/ijms18071545
https://doi.org/10.1084/jem.20120340
https://doi.org/10.1016/j.bbadis.2012.11.017
https://doi.org/10.1016/j.plipres.2020.101034
https://doi.org/10.4049/jimmunol.180.1.569
https://doi.org/10.4049/jimmunol.180.1.569
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.1016/j.immuni.2013.08.001
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Jakubzick, C., Gautier, E. L., Gibbings, S. L., Sojka, D. K., Schlitzer, A., Johnson, T.
E., et al. (2013). Minimal differentiation of classical monocytes as they survey
steady-state tissues and transport antigen to lymph nodes. Immunity 39 (3),
599–610. doi:10.1016/j.immuni.2013.08.007

Ji, Y., Liu, J., Wang, Z., Liu, N., and Gou, W. (2009). PPARγ agonist, rosiglitazone,
regulates angiotensin II-induced vascular inflammation through the TLR4-
dependent signaling pathway. Lab. Invest. 89 (8), 887–902. doi:10.1038/
labinvest.2009.45

Jorgensen, I., and Miao, E. A. (2015). Pyroptotic cell death defends against intracellular
pathogens. Immunol. Rev. 265 (1), 130–142. doi:10.1111/imr.12287

Kapralov, A. A., Yang, Q., Dar, H. H., Tyurina, Y. Y., Anthonymuthu, T. S., Kim, R.,
et al. (2020). Redox lipid reprogramming commands susceptibility of
macrophages and microglia to ferroptotic death. Nat. Chem. Biol. 16 (3),
278–290. doi:10.1038/s41589-019-0462-8

Kato, Y., Park, J., Takamatsu, H., Konaka, H., Aoki, W., Aburaya, S., et al. (2018).
Apoptosis-derived membrane vesicles drive the cGAS-STING pathway and
enhance type I IFN production in systemic lupus erythematosus. Ann. Rheum.
Dis. 77 (10), 1507–1515. doi:10.1136/annrheumdis-2018-212988

Kawai, T., and Akira, S. (2007). TLR signaling. Semin. Immunol. 19 (1), 24–32.
doi:10.1016/j.smim.2006.12.004

Kim, M.-H., Liu, W., Borjesson, D. L., Curry, F.-R. E., Miller, L. S., Cheung, A. L.,
et al. (2008). Dynamics of neutrophil infiltration during cutaneous wound
healing and infection using fluorescence imaging. J. Invest. Dermatol. 128 (7),
1812–1820. doi:10.1038/sj.jid.5701223

Kim, S. Y., and Nair, M. G. (2019). Macrophages in wound healing: activation and
plasticity. Immunol. Cel Biol 97 (3), 258–267. doi:10.1111/imcb.12236

Kimball, A., Schaller, M., Joshi, A., Davis, F. M., denDekker, A., Boniakowski, A.,
et al. (2018). Ly6CHiBlood monocyte/macrophage drive chronic inflammation
and impair wound healing in diabetes mellitus. Arterioscler Thromb. Vasc. Biol.
38 (5), 1102–1114. doi:10.1161/atvbaha.118.310703

Kimball, A. S., Davis, F. M., denDekker, A., Joshi, A. D., Schaller, M. A., Bermick, J.,
et al. (2019). The histone methyltransferase Setdb2 modulates macrophage
phenotype and uric acid production in diabetic wound repair. Immunity 51 (2),
258–271. doi:10.1016/j.immuni.2019.06.015

Kishibe, M., Griffin, T. M., Goslawski, M., Sinacore, J., Kristian, S. A., and Radek, K.
A. (2018). Topical nicotinic receptor activation improves wound bacterial
infection outcomes and TLR2-mediated inflammation in diabetic mouse
wounds. Wound Rep. Reg. 26 (6), 403–412. doi:10.1111/wrr.12674

Koh, T. J., Novak, M. L., and Mirza, R. E. (2013). Assessing macrophage phenotype
during tissue repair. Methods Mol. Biol. 1037, 507–518. doi:10.1007/978-1-
62703-505-7_30

Krzyszczyk, P., Schloss, R., Palmer, A., and Berthiaume, F. (2018). The role of
macrophages in acute and chronic wound healing and interventions to promote
pro-wound healing phenotypes. Front. Physiol. 9, 419. doi:10.3389/fphys.2018.00419

Lamkanfi, M., and Dixit, V. M. (2012). Inflammasomes and their roles in health
and disease. Annu. Rev. Cel Dev. Biol. 28, 137–161. doi:10.1146/annurev-
cellbio-101011-155745

Lan, C.-C. E., Wu, C.-S., Huang, S.-M., Wu, I.-H., and Chen, G.-S. (2013). High-
glucose environment enhanced oxidative stress and increased interleukin-8
secretion from keratinocytes: new insights into impaired diabetic wound
healing. Diabetes 62 (7), 2530–2538. doi:10.2337/db12-1714

Lauvau, G., Loke, P. n., and Hohl, T. M. (2015). Monocyte-mediated defense
against bacteria, fungi, and parasites. Semin. Immunol. 27 (6), 397–409. doi:10.
1016/j.smim.2016.03.014

Lech, M., Gröbmayr, R., Weidenbusch, M., and Anders, H. J. (2012). Tissues use
resident dendritic cells and macrophages to maintain homeostasis and to regain
homeostasis upon tissue injury: the immunoregulatory role of changing tissue
environments. Mediators Inflamm. 2012, 951390. doi:10.1155/2012/951390

Lee, E. G., Luckett-Chastain, L. R., Calhoun, K. N., Frempah, B., Bastian, A., and
Gallucci, R. M. (2019). Interleukin 6 function in the skin and isolated
keratinocytes is modulated by hyperglycemia. J. Immunol. Res. 2019,
5087847. doi:10.1155/2019/5087847

Lee, H.-M., Kim, J.-J., Kim, H. J., Shong, M., Ku, B. J., and Jo, E.-K. (2013).
Upregulated NLRP3 inflammasome activation in patients with type 2 diabetes.
Diabetes 62 (1), 194–204. doi:10.2337/db12-0420

Li, X., Shu, C., Yi, G., Chaton, C. T., Shelton, C. L., Diao, J., et al. (2013). Cyclic
GMP-AMP synthase is activated by double-stranded DNA-induced

oligomerization. Immunity 39 (6), 1019–1031. doi:10.1016/j.immuni.2013.
10.019

Linke, A., Goren, I., Bösl, M. R., Pfeilschifter, J., and Frank, S. (2010). The
suppressor of cytokine signaling (SOCS)-3 determines keratinocyte
proliferative and migratory potential during skin repair. J. Invest. Dermatol.
130 (3), 876–885. doi:10.1038/jid.2009.344

Liu, D., Yang, P., Gao, M., Yu, T., Shi, Y., Zhang, M., et al. (2019). NLRP3 activation
induced by neutrophil extracellular traps sustains inflammatory response in the
diabetic wound. Clin. Sci. (Lond)133 (4), 565–582. doi:10.1042/cs20180600

Liu, J., Divoux, A., Sun, J., Zhang, J., Clément, K., Glickman, J. N., et al. (2009).
Genetic deficiency and pharmacological stabilization of mast cells reduce diet-
induced obesity and diabetes in mice. Nat. Med. 15 (8), 940–945. doi:10.1038/
nm.1994

Liu, J., Huang, K., Cai, G.-Y., Chen, X.-M., Yang, J.-R., Lin, L.-R., et al. (2014).
Receptor for advanced glycation end-products promotes premature senescence
of proximal tubular epithelial cells via activation of endoplasmic reticulum
stress-dependent p21 signaling. Cell Signal. 26 (1), 110–121. doi:10.1016/j.
cellsig.2013.10.002

Liu, Y., Jesus, A. A., Marrero, B., Yang, D., Ramsey, S. E., Montealegre Sanchez, G.
A., et al. (2014). Activated STING in a vascular and pulmonary syndrome. N.
Engl. J. Med. 371 (6), 507–518. doi:10.1056/nejmoa1312625

Longo, M., Bellastella, G., Maiorino, M. I., Meier, J. J., Esposito, K., and Giugliano,
D. (2019). Diabetes and aging: from treatment goals to pharmacologic therapy.
Front. Endocrinol. (Lausanne)10, 45. doi:10.3389/fendo.2019.00045

Lopategi, A., Flores-Costa, R., Rius, B., López-Vicario, C., Alcaraz-Quiles, J., Titos,
E., et al. (2019). Frontline Science: specialized proresolving lipid mediators
inhibit the priming and activation of the macrophage NLRP3 inflammasome.
J. Leukoc. Biol. 105 (1), 25–36. doi:10.1002/jlb.3hi0517-206rr

Lu, H., Wu, X., Wang, Z., Li, L., Chen, W., Yang, M., et al. (2016). Erythropoietin-
activated mesenchymal stem cells promote healing ulcers by improving
microenvironment. J. Surg. Res. 205 (2), 464–473. doi:10.1016/j.jss.2016.06.086

Lu, T.-C., Wang, Z.-H., Feng, X., Chuang, P. Y., Fang, W., Shen, Y., et al. (2009).
Knockdown of Stat3 activity in vivo prevents diabetic glomerulopathy. Kidney
Int. 76 (1), 63–71. doi:10.1038/ki.2009.98

Luo, X., Li, H., Ma, L., Zhou, J., Guo, X., Woo, S.-L., et al. (2018). Expression of
STING is increased in liver tissues from patients with NAFLD and promotes
macrophage-mediated hepatic inflammation and fibrosis in mice.
Gastroenterol. 155 (6), 1971–1984. doi:10.1053/j.gastro.2018.09.010

Maiese, K. (2015). New insights for oxidative stress and diabetes mellitus. Oxid
Med. Cel Longev 2015, 875961. doi:10.1155/2015/875961

Mantovani, A., Sica, A., Sozzani, S., Allavena, P., Vecchi, A., and Locati, M. (2004).
The chemokine system in diverse forms of macrophage activation and
polarization. Trends Immunol. 25 (12), 677–686. doi:10.1016/j.it.2004.09.015

Mao, Y., Luo, W., Zhang, L., Wu, W., Yuan, L., Xu, H., et al. (2017). STING-IRF3
triggers endothelial inflammation in response to free fatty acid-induced
mitochondrial damage in diet-induced obesity. Atvb 37 (5), 920–929. doi:10.
1161/atvbaha.117.309017

Matzinger, P. (2002). The danger model: a renewed sense of self. Science 296
(5566), 301–305. doi:10.1126/science.1071059

Mayer, D., Armstrong, D., Schultz, G., Percival, S., Malone, M., Romanelli, M., et al.
(2018). Cell salvage in acute and chronic wounds: a potential treatment strategy.
Experimental data and early clinical results. J. Wound Care 27 (9), 594–605.
doi:10.12968/jowc.2018.27.9.594

McGillicuddy, F. C., Chiquoine, E. H., Hinkle, C. C., Kim, R. J., Shah, R., Roche, H.
M., et al. (2009). Interferon γ attenuates insulin signaling, lipid storage, and
differentiation in human adipocytes via activation of the JAK/STAT pathway.
J. Biol. Chem. 284 (46), 31936–31944. doi:10.1074/jbc.m109.061655

Miao, T., Huang, B., He, N., Sun, L., Du, G., Gong, X., et al. (2020). Decreased
plasmamaresin 1 concentration is associated with diabetic foot ulcer.Mediators
Inflamm. 2020, 4539035. doi:10.1155/2020/4539035

Mikhalchik, E. V., Maximov, D. I., Ostrovsky, E. M., Yaskevich, A. V., Vlasova, I. I.,
Vakhrusheva, T. V., et al. (2018). Neutrophils as a source of factors that increase the
length of the inflammatory phase of wound healing in patients with type 2 diabetes
mellitus. Biomed. Khim 64 (5), 433–438. doi:10.18097/pbmc20186405433

Minutti, C. M., Knipper, J. A., Allen, J. E., and Zaiss, D. M. W. (2017). Tissue-
specific contribution of macrophages to wound healing. Semin. Cel Dev. Biol.
61, 3–11. doi:10.1016/j.semcdb.2016.08.006

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 65394016

Geng et al. Diabetic Wound Healing

https://doi.org/10.1016/j.immuni.2013.08.007
https://doi.org/10.1038/labinvest.2009.45
https://doi.org/10.1038/labinvest.2009.45
https://doi.org/10.1111/imr.12287
https://doi.org/10.1038/s41589-019-0462-8
https://doi.org/10.1136/annrheumdis-2018-212988
https://doi.org/10.1016/j.smim.2006.12.004
https://doi.org/10.1038/sj.jid.5701223
https://doi.org/10.1111/imcb.12236
https://doi.org/10.1161/atvbaha.118.310703
https://doi.org/10.1016/j.immuni.2019.06.015
https://doi.org/10.1111/wrr.12674
https://doi.org/10.1007/978-1-62703-505-7_30
https://doi.org/10.1007/978-1-62703-505-7_30
https://doi.org/10.3389/fphys.2018.00419
https://doi.org/10.1146/annurev-cellbio-101011-155745
https://doi.org/10.1146/annurev-cellbio-101011-155745
https://doi.org/10.2337/db12-1714
https://doi.org/10.1016/j.smim.2016.03.014
https://doi.org/10.1016/j.smim.2016.03.014
https://doi.org/10.1155/2012/951390
https://doi.org/10.1155/2019/5087847
https://doi.org/10.2337/db12-0420
https://doi.org/10.1016/j.immuni.2013.10.019
https://doi.org/10.1016/j.immuni.2013.10.019
https://doi.org/10.1038/jid.2009.344
https://doi.org/10.1042/cs20180600
https://doi.org/10.1038/nm.1994
https://doi.org/10.1038/nm.1994
https://doi.org/10.1016/j.cellsig.2013.10.002
https://doi.org/10.1016/j.cellsig.2013.10.002
https://doi.org/10.1056/nejmoa1312625
https://doi.org/10.3389/fendo.2019.00045
https://doi.org/10.1002/jlb.3hi0517-206rr
https://doi.org/10.1016/j.jss.2016.06.086
https://doi.org/10.1038/ki.2009.98
https://doi.org/10.1053/j.gastro.2018.09.010
https://doi.org/10.1155/2015/875961
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1161/atvbaha.117.309017
https://doi.org/10.1161/atvbaha.117.309017
https://doi.org/10.1126/science.1071059
https://doi.org/10.12968/jowc.2018.27.9.594
https://doi.org/10.1074/jbc.m109.061655
https://doi.org/10.1155/2020/4539035
https://doi.org/10.18097/pbmc20186405433
https://doi.org/10.1016/j.semcdb.2016.08.006
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Mirza, R. E., Fang, M.M., Ennis, W. J., and Koh, T. J. (2013). Blocking interleukin-1
induces a healing-associated wound macrophage phenotype and improves
healing in type 2 diabetes. Diabetes 62 (7), 2579–2587. doi:10.2337/db12-1450

Mirza, R. E., Fang, M. M., Weinheimer-Haus, E. M., Ennis, W. J., and Koh, T. J.
(2014). Sustained inflammasome activity in macrophages impairs wound
healing in type 2 diabetic humans and mice. Diabetes 63 (3), 1103–1114.
doi:10.2337/db13-0927

Mo, Y., Sarojini, H., Wan, R., Zhang, Q., Wang, J., Eichenberger, S., et al. (2019).
Intracellular ATP delivery causes rapid tissue regeneration via upregulation of
cytokines, chemokines, and stem cells. Front. Pharmacol. 10, 1502. doi:10.3389/
fphar.2019.01502

Moon, T. C., St Laurent, C. D., Morris, K. E., Marcet, C., Yoshimura, T., Sekar, Y.,
et al. (2010). Advances in mast cell biology: new understanding of heterogeneity
and function. Mucosal Immunol. 3 (2), 111–128. doi:10.1038/mi.2009.136

Moura, J., Rodrigues, J., Gonçalves, M., Amaral, C., Lima, M., and Carvalho, E.
(2017). Impaired T-cell differentiation in diabetic foot ulceration. Cell Mol
Immunol 14 (9), 758–769. doi:10.1038/cmi.2015.116

Mukai, K., Tsai, M., Saito, H., and Galli, S. J. (2018). Mast cells as sources of
cytokines, chemokines, and growth factors. Immunol. Rev. 282 (1), 121–150.
doi:10.1111/imr.12634

Murray, P. J., Allen, J. E., Biswas, S. K., Fisher, E. A., Gilroy, D. W., Goerdt, S., et al.
(2014). Macrophage activation and polarization: nomenclature and
experimental guidelines. Immunity 41 (1), 14–20. doi:10.1016/j.immuni.
2014.06.008

Nagareddy, P. R., Murphy, A. J., Stirzaker, R. A., Hu, Y., Yu, S., Miller, R. G., et al.
(2013). Hyperglycemia promotes myelopoiesis and impairs the resolution of
atherosclerosis. Cel Metab. 17 (5), 695–708. doi:10.1016/j.cmet.2013.04.001

Nepal, S., Tiruppathi, C., Tsukasaki, Y., Farahany, J., Mittal, M., Rehman, J., et al.
(2019). STAT6 induces expression of Gas6 in macrophages to clear apoptotic
neutrophils and resolve inflammation. Proc. Natl. Acad. Sci. USA 116 (33),
16513–16518. doi:10.1073/pnas.1821601116

Nguyen, K. T., Seth, A. K., Hong, S. J., Geringer, M. R., Xie, P., Leung, K. P., et al.
(2013). Deficient cytokine expression and neutrophil oxidative burst contribute
to impaired cutaneous wound healing in diabetic, biofilm-containing chronic
wounds. Wound Repair Regen. 21 (6), 833–841. doi:10.1111/wrr.12109

Ning, X., Wang, Y., Jing, M., Sha, M., Lv, M., Gao, P., et al. (2019). Apoptotic
caspases suppress type I interferon production via the cleavage of cGAS, MAVS,
and IRF3. Mol. Cel 74 (1), 19–31. doi:10.1016/j.molcel.2019.02.013

Nishida, K., Hasegawa, A., Yamasaki, S., Uchida, R., Ohashi, W., Kurashima, Y.,
et al. (2019). Mast cells play role in wound healing through the ZnT2/GPR39/
IL-6 axis. Sci. Rep. 9 (1), 10842. doi:10.1038/s41598-019-47132-5

Ogurtsova, K., da Rocha Fernandes, J. D., Huang, Y., Linnenkamp, U., Guariguata,
L., Cho, N. H., et al. (2017). IDF Diabetes Atlas: global estimates for the
prevalence of diabetes for 2015 and 2040. Diabetes Res. Clin. Pract. 128, 40–50.
doi:10.1016/j.diabres.2017.03.024

Orvain, C., Lin, Y. L., Jean-Louis, F., Hocini, H., Hersant, B., Bennasser, Y., et al.
(2020). Hair follicle stem cell replication stress drives IFI16/STING-dependent
inflammation in hidradenitis suppurativa. J. Clin. Invest. 130 (7), 3777–3790.
doi:10.1172/JCI131180

Palmer, A. K., Gustafson, B., Kirkland, J. L., and Smith, U. (2019). Cellular
senescence: at the nexus between ageing and diabetes. Diabetologia 62 (10),
1835–1841. doi:10.1007/s00125-019-4934-x

Papayannopoulos, V. (2018). Neutrophil extracellular traps in immunity and
disease. Nat. Rev. Immunol. 18 (2), 134–147. doi:10.1038/nri.2017.105

Park, J. E., and Barbul, A. (2004). Understanding the role of immune regulation in
wound healing. Am. J. Surg. 187 (5A), 11S–16S. doi:10.1016/s0002-9610(03)
00296-4

Peng, Y., Latchman, Y., and Elkon, K. B. (2009). Ly6ClowMonocytes differentiate
into dendritic cells and cross-tolerize T cells through PDL-1. J. Immunol. 182
(5), 2777–2785. doi:10.4049/jimmunol.0803172

Perez, D. A., Galvão, I., Athayde, R. M., Rezende, B. M., Vago, J. P., Silva, J. D., et al.
(2019). Inhibition of the sphingosine-1-phosphate pathway promotes the
resolution of neutrophilic inflammation. Eur. J. Immunol. 49 (7),
1038–1051. doi:10.1002/eji.201848049

Pierce, G. F. (2001). Inflammation in nonhealing diabetic wounds. Am. J. Pathol.
159 (2), 399–403. doi:10.1016/s0002-9440(10)61709-9

Pike, K. A., Hutchins, A. P., Vinette, V., Theberge, J.-F., Sabbagh, L., Tremblay, M.
L., et al. (2014). Protein tyrosine phosphatase 1B is a regulator of the

interleukin-10-induced transcriptional program in macrophages. Sci.
Signaling 7 (324), ra43. doi:10.1126/scisignal.2005020

Platnich, J. M., and Muruve, D. A. (2019). NOD-like receptors and
inflammasomes: a review of their canonical and non-canonical signaling
pathways. Arch. Biochem. Biophys. 670, 4–14. doi:10.1016/j.abb.2019.02.008

Pokatayev, V., Hasin, N., Chon, H., Cerritelli, S. M., Sakhuja, K., Ward, J. M., et al.
(2016). RNase H2 catalytic core Aicardi-Goutières syndrome-related mutant
invokes cGAS-STING innate immune-sensing pathway in mice. J. Exp. Med.
213 (3), 329–336. doi:10.1084/jem.20151464

Portou, M. J., Baker, D., Abraham, D., and Tsui, J. (2015). The innate immune
system, toll-like receptors and dermal wound healing: a review. Vasc.
Pharmacol. 71, 31–36. doi:10.1016/j.vph.2015.02.007

Prattichizzo, F., De Nigris, V., Mancuso, E., Spiga, R., Giuliani, A., Matacchione, G.,
et al. (2018). Short-term sustained hyperglycaemia fosters an archetypal
senescence-associated secretory phenotype in endothelial cells and
macrophages. Redox Biol. 15, 170–181. doi:10.1016/j.redox.2017.12.001

Qiao, Y., Wang, P., Qi, J., Zhang, L., and Gao, C. (2012). TLR-induced NF-κB
activation regulates NLRP3 expression in murine macrophages. FEBS Lett. 586
(7), 1022–1026. doi:10.1016/j.febslet.2012.02.045

Qin, H., Huang, G., Gao, F., Huang, B., Wang, D., Hu, X., et al. (2019). Diminished
stimulator of interferon genes production with cigarette smoke-exposure
contributes to weakened anti-adenovirus vectors response and destruction
of lung in chronic obstructive pulmonary disease model. Exp. Cel Res. 384
(1), 111545. doi:10.1016/j.yexcr.2019.111545

Qing, L., Fu, J., Wu, P., Zhou, Z., Yu, F., and Tang, J. (2019). Metformin induces the
M2 macrophage polarization to accelerate the wound healing via regulating
AMPK/mTOR/NLRP3 inflammasome singling pathway. Am. J. Transl Res. 11
(2), 655–668.

Qu, Z., Huang, X., Ahmadi, P., Stenberg, P., Liebler, J. M., Le, A.-C., et al. (1998).
Synthesis of basic fibroblast growth factor by murine mast CellsRegulation by
transforming growth factor beta, tumor necrosis factor Alpha, and stem cell
factor. Int. Arch. Allergy Immunol. 115 (1), 47–54. doi:10.1159/000023829

Quiros, M., and Nusrat, A. (2019). Saving problematic mucosae: SPMs in intestinal
mucosal inflammation and repair. Trends Mol. Med. 25 (2), 124–135. doi:10.
1016/j.molmed.2018.12.004

Rahelic, D. (2016). [7th edition of idf diabetes atlas--call for immediate action].
Lijec Vjesn 138 (1-2), 57–58.

Robertson, A. L., Holmes, G. R., Bojarczuk, A. N., Burgon, J., Loynes, C. A.,
Chimen, M., et al. (2014). A zebrafish compound screen reveals modulation of
neutrophil reverse migration as an anti-inflammatory mechanism. Sci.
Translational Med. 6 (225), 225ra29. doi:10.1126/scitranslmed.3007672

Salminen, A., Huuskonen, J., Ojala, J., Kauppinen, A., Kaarniranta, K., and
Suuronen, T. (2008). Activation of innate immunity system during aging:
NF-kB signaling is the molecular culprit of inflamm-aging. Ageing Res. Rev. 7
(2), 83–105. doi:10.1016/j.arr.2007.09.002

Sawaya, A. P., Stone, R. C., Brooks, S. R., Pastar, I., Jozic, I., Hasneen, K., et al.
(2020). Deregulated immune cell recruitment orchestrated by FOXM1 impairs
human diabetic wound healing. Nat. Commun. 11 (1), 4678. doi:10.1038/
s41467-020-18276-0

Sharif, H., Wang, L., Wang, W. L., Magupalli, V. G., Andreeva, L., Qiao, Q.,
et al. (2019). Structural mechanism for NEK7-licensed activation of NLRP3
inflammasome. Nature 570 (7761), 338–343. doi:10.1038/s41586-019-
1295-z

Shi, R., Jin, Y., Hu, W., Lian, W., Cao, C., Han, S., et al. (2020). Exosomes derived
from mmu_circ_0000250-modified adipose-derived mesenchymal stem cells
promote wound healing in diabetic mice by inducing miR-128-3p/SIRT1-
mediated autophagy. Am. J. Physiology-Cell Physiol. 318 (5), C848–C856.
doi:10.1152/ajpcell.00041.2020

Sieweke, M. H., and Allen, J. E. (2013). Beyond stem cells: self-renewal of
differentiated macrophages. Science 342 (6161), 1242974. doi:10.1126/
science.1242974

Silva, J. C., Pitta, M. G. R., Pitta, I. R., Koh, T. J., and Abdalla, D. S. P. (2019). New
peroxisome proliferator-activated receptor agonist (GQ-11) improves wound healing
in diabetic mice. Adv. Wound Care 8 (9), 417–428. doi:10.1089/wound.2018.0911

Singh, K., Agrawal, N. K., Gupta, S. K., Mohan, G., Chaturvedi, S., and Singh, K.
(2015). Genetic and epigenetic alterations in Toll like receptor 2 and wound
healing impairment in type 2 diabetes patients. J. Diabetes its Complications 29
(2), 222–229. doi:10.1016/j.jdiacomp.2014.11.015

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 65394017

Geng et al. Diabetic Wound Healing

https://doi.org/10.2337/db12-1450
https://doi.org/10.2337/db13-0927
https://doi.org/10.3389/fphar.2019.01502
https://doi.org/10.3389/fphar.2019.01502
https://doi.org/10.1038/mi.2009.136
https://doi.org/10.1038/cmi.2015.116
https://doi.org/10.1111/imr.12634
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1016/j.cmet.2013.04.001
https://doi.org/10.1073/pnas.1821601116
https://doi.org/10.1111/wrr.12109
https://doi.org/10.1016/j.molcel.2019.02.013
https://doi.org/10.1038/s41598-019-47132-5
https://doi.org/10.1016/j.diabres.2017.03.024
https://doi.org/10.1172/JCI131180
https://doi.org/10.1007/s00125-019-4934-x
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1016/s0002-9610(03)00296-4
https://doi.org/10.1016/s0002-9610(03)00296-4
https://doi.org/10.4049/jimmunol.0803172
https://doi.org/10.1002/eji.201848049
https://doi.org/10.1016/s0002-9440(10)61709-9
https://doi.org/10.1126/scisignal.2005020
https://doi.org/10.1016/j.abb.2019.02.008
https://doi.org/10.1084/jem.20151464
https://doi.org/10.1016/j.vph.2015.02.007
https://doi.org/10.1016/j.redox.2017.12.001
https://doi.org/10.1016/j.febslet.2012.02.045
https://doi.org/10.1016/j.yexcr.2019.111545
https://doi.org/10.1159/000023829
https://doi.org/10.1016/j.molmed.2018.12.004
https://doi.org/10.1016/j.molmed.2018.12.004
https://doi.org/10.1126/scitranslmed.3007672
https://doi.org/10.1016/j.arr.2007.09.002
https://doi.org/10.1038/s41467-020-18276-0
https://doi.org/10.1038/s41467-020-18276-0
https://doi.org/10.1038/s41586-019-1295-z
https://doi.org/10.1038/s41586-019-1295-z
https://doi.org/10.1152/ajpcell.00041.2020
https://doi.org/10.1126/science.1242974
https://doi.org/10.1126/science.1242974
https://doi.org/10.1089/wound.2018.0911
https://doi.org/10.1016/j.jdiacomp.2014.11.015
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Singh, K., Agrawal, N. K., Gupta, S. K., Mohan, G., Chaturvedi, S., and Singh, K.
(2016). Increased expression of endosomal members of toll-like receptor family
abrogates wound healing in patients with type 2 diabetes mellitus. Int. Wound J.
13 (5), 927–935. doi:10.1111/iwj.12411

Sismanopoulos, N., Delivanis, D.-A., Alysandratos, K.-D., Angelidou, A., Therianou, A.,
Kalogeromitros, D., et al. (2012).Mast cells in allergic and inflammatory diseases.Cpd
18 (16), 2261–2277. doi:10.2174/138161212800165997

Sliter, D. A., Martinez, J., Hao, L., Chen, X., Sun, N., Fischer, T. D., et al. (2018).
Parkin and PINK1 mitigate STING-induced inflammation. Nature 561 (7722),
258–262. doi:10.1038/s41586-018-0448-9

Smyth, I. M., and Bertram, J. F. (2019). Seminars in cell and developmental biology.
Semin. Cel Dev. Biol. 91, 84–85. doi:10.1016/j.semcdb.2018.11.003

Snyder, R. J., Lantis, J., Kirsner, R. S., Shah, V., Molyneaux, M., and Carter, M. J.
(2016). Macrophages: a review of their role in wound healing and their
therapeutic use. Wound Rep. Reg. 24 (4), 613–629. doi:10.1111/wrr.12444

Song, N., Liu, Z.-S., Xue, W., Bai, Z.-F., Wang, Q.-Y., Dai, J., et al. (2017). NLRP3
phosphorylation is an essential priming event for inflammasome activation.
Mol. Cel 68 (1), 185–197. doi:10.1016/j.molcel.2017.08.017

Sorokin, L. (2010). The impact of the extracellular matrix on inflammation. Nat.
Rev. Immunol. 10 (10), 712–723. doi:10.1038/nri2852

Spite, M., Clària, J., and Serhan, C. N. (2014). Resolvins, specialized proresolving
lipid mediators, and their potential roles in metabolic diseases. Cel Metab. 19
(1), 21–36. doi:10.1016/j.cmet.2013.10.006

Stojadinovic, O., Yin, N., Lehmann, J., Pastar, I., Kirsner, R. S., and Tomic-Canic,
M. (2013). Increased number of Langerhans cells in the epidermis of diabetic
foot ulcers correlates with healing outcome. Immunol. Res. 57 (1-3), 222–228.
doi:10.1007/s12026-013-8474-z

Suga, H., Sugaya, M., Fujita, H., Asano, Y., Tada, Y., Kadono, T., et al. (2014). TLR4,
rather than TLR2, regulates wound healing through TGF-β and CCL5
expression. J. Dermatol. Sci. 73 (2), 117–124. doi:10.1016/j.jdermsci.2013.
10.009

Sun, S., Ji, Y., Kersten, S., and Qi, L. (2012). Mechanisms of inflammatory responses
in obese adipose tissue. Annu. Rev. Nutr. 32, 261–286. doi:10.1146/annurev-
nutr-071811-150623

Tang, Y., Zhang, M. J., Hellmann, J., Kosuri, M., Bhatnagar, A., and Spite, M.
(2013). Proresolution therapy for the treatment of delayed healing of diabetic
wounds. Diabetes 62 (2), 618–627. doi:10.2337/db12-0684

Telgenhoff, D., and Shroot, B. (2005). Cellular senescence mechanisms in chronic
wound healing. Cell Death Differ 12 (7), 695–698. doi:10.1038/sj.cdd.4401632

Tellechea, A., Bai, S., Dangwal, S., Theocharidis, G., Nagai, M., Koerner, S., et al.
(2020). Topical application of a mast cell stabilizer improves impaired diabetic
wound healing. J. Invest. Dermatol. 140 (4), 901–911. doi:10.1016/j.jid.2019.
08.449

Tellechea, A., Leal, E. C., Kafanas, A., Auster, M. E., Kuchibhotla, S., Ostrovsky, Y.,
et al. (2016). Mast cells regulate wound healing in diabetes. Diabetes 65 (7),
2006–2019. doi:10.2337/db15-0340

Thiebaut, P.-A., Delile, E., Coquerel, D., Brunel, J.-M., Renet, S., Tamion, F., et al.
(2018). Protein tyrosine phosphatase 1B regulates endothelial endoplasmic
reticulum stress; role in endothelial dysfunction. Vasc. Pharmacol. 109, 36–44.
doi:10.1016/j.vph.2018.05.011

Toksoy, A., Sennefelder, H., Adam, C., Hofmann, S., Trautmann, A., Goebeler, M.,
et al. (2017). Potent NLRP3 inflammasome activation by the HIV reverse
transcriptase inhibitor abacavir. J. Biol. Chem. 292 (7), 2805–2814. doi:10.1074/
jbc.m116.749473

Tomic-Canic, M., and DiPietro, L. A. (2019). Cellular senescence in diabetic
wounds: when too many retirees stress the system. J. Invest. Dermatol. 139 (5),
997–999. doi:10.1016/j.jid.2019.02.019

Tousoulis, D., Papageorgiou, N., Androulakis, E., Siasos, G., Latsios, G.,
Tentolouris, K., et al. (2013). Diabetes mellitus-associated vascular
impairment. J. Am. Coll. Cardiol. 62 (8), 667–676. doi:10.1016/j.jacc.2013.
03.089

Vandanmagsar, B., Youm, Y.-H., Ravussin, A., Galgani, J. E., Stadler, K., Mynatt, R.
L., et al. (2011). The NLRP3 inflammasome instigates obesity-induced
inflammation and insulin resistance. Nat. Med. 17 (2), 179–188. doi:10.
1038/nm.2279

Varol, C., Landsman, L., Fogg, D. K., Greenshtein, L., Gildor, B., Margalit, R., et al.
(2007). Monocytes give rise to mucosal, but not splenic, conventional dendritic
cells. J. Exp. Med. 204 (1), 171–180. doi:10.1084/jem.20061011

Wan, S., Wan, S., Jiao, X., Cao, H., Gu, Y., Yan, L., et al. (2021). Advances in
understanding the innate immune-associated diabetic kidney disease. FASEB J.
35 (2), e21367. doi:10.1096/fj.202002334r

Wang, H.An, P., Xie, E., Wu, Q., Fang, X., Gao, H., et al. (2017). Characterization of
ferroptosis in murine models of hemochromatosis.Hepatology 66 (2), 449–465.
doi:10.1002/hep.29117

Wang, N., Liang, H., and Zen, K. (2014). Molecular mechanisms that influence the
macrophage m1-m2 polarization balance. Front. Immunol. 5, 614. doi:10.3389/
fimmu.2014.00614

Wang, Q.Zhu, G., Cao, X., Dong, J., Song, F., and Niu, Y. (2017). Blocking AGE-
RAGE signaling improved functional disorders of macrophages in diabetic
wound. J. Diabetes Res. 2017, 1428537. doi:10.1155/2017/1428537

Wang, S.Yuan, Y.-H., Chen, N.-H., and Wang, H.-B. (2019). The mechanisms of
NLRP3 inflammasome/pyroptosis activation and their role in Parkinson’s
disease. Int. Immunopharmacology 67, 458–464. doi:10.1016/j.intimp.2018.
12.019

Wang, T., Zhao, J., Zhang, J., Mei, J., Shao, M., Pan, Y., et al. (2018). Heparan sulfate
inhibits inflammation and improves wound healing by downregulating the
NLR family pyrin domain containing 3 (NLRP3) inflammasome in diabetic
rats. J. Diabetes 10 (7), 556–563. doi:10.1111/1753-0407.12630

Wang, W.Green, M., Choi, J. E., Gijón, M., Kennedy, P. D., Johnson, J. K., et al.
(2019). CD8+ T cells regulate tumour ferroptosis during cancer
immunotherapy. Nature 569 (7755), 270–274. doi:10.1038/s41586-019-
1170-y

Wang, Y., Li, Y.-b., Yin, J.-j., Wang, Y., Zhu, L.-b., Xie, G.-y., et al. (2013).
Autophagy regulates inflammation following oxidative injury in diabetes.
Autophagy 9 (3), 272–277. doi:10.4161/auto.23628

Wang, Y.Ning, X., Gao, P., Wu, S., Sha, M., Lv, M., et al. (2017). Inflammasome
activation triggers caspase-1-mediated cleavage of cGAS to regulate responses
to DNA virus infection. Immunity 46 (3), 393–404. doi:10.1016/j.immuni.2017.
02.011

Warnatsch, A., Ioannou, M., Wang, Q., and Papayannopoulos, V. (2015).
Neutrophil extracellular traps license macrophages for cytokine production
in atherosclerosis. Science 349 (6245), 316–320. doi:10.1126/science.aaa8064

Weinheimer-Haus, E. M., Judex, S., Ennis, W. J., and Koh, T. J. (2014). Low-
intensity vibration improves angiogenesis and wound healing in diabetic mice.
PLoS One 9 (3), e91355. doi:10.1371/journal.pone.0091355

Wen, H., Gris, D., Lei, Y., Jha, S., Zhang, L., Huang, M. T.-H., et al. (2011). Fatty
acid-induced NLRP3-ASC inflammasome activation interferes with insulin
signaling. Nat. Immunol. 12 (5), 408–415. doi:10.1038/ni.2022

Wetzler, C., Kämpfer, H., Stallmeyer, B., Pfeilschifter, J., and Frank, S. (2000). Large
and sustained induction of chemokines during impaired wound healing in the
genetically diabetic mouse: prolonged persistence of neutrophils and
macrophages during the late phase of repair. J. Invest. Dermatol. 115 (2),
245–253. doi:10.1046/j.1523-1747.2000.00029.x

Wilkinson, H. N., Clowes, C., Banyard, K. L., Matteuci, P., Mace, K. A., and
Hardman, M. J. (2019). Elevated local senescence in diabetic wound healing is
linked to pathological repair via CXCR2. J. Invest. Dermatol. 139 (5),
1171–1181. doi:10.1016/j.jid.2019.01.005

Willenborg, S., Lucas, T., van Loo, G., Knipper, J. A., Krieg, T., Haase, I., et al.
(2012). CCR2 recruits an inflammatory macrophage subpopulation critical for
angiogenesis in tissue repair. Blood 120 (3), 613–625. doi:10.1182/blood-2012-
01-403386

Wong, S. L., Demers, M., Martinod, K., Gallant, M., Wang, Y., Goldfine, A. B., et al.
(2015). Diabetes primes neutrophils to undergo NETosis, which impairs wound
healing. Nat. Med. 21 (7), 815–819. doi:10.1038/nm.3887

Wood, S., Jayaraman, V., Huelsmann, E. J., Bonish, B., Burgad, D.,
Sivaramakrishnan, G., et al. (2014). Pro-inflammatory chemokine CCL2
(MCP-1) promotes healing in diabetic wounds by restoring the macrophage
response. PLoS One 9 (3), e91574. doi:10.1371/journal.pone.0091574

Wormald, S., and Hilton, D. J. (2004). Inhibitors of cytokine signal transduction.
J. Biol. Chem. 279 (2), 821–824. doi:10.1074/jbc.r300030200

Wu, X., Zhang, H., Qi, W., Zhang, Y., Li, J., Li, Z., et al. (2018). Nicotine promotes
atherosclerosis via ROS-NLRP3-mediated endothelial cell pyroptosis. Cell
Death Dis 9 (2), 171. doi:10.1038/s41419-017-0257-3

Wu, Y., Quan, Y., Liu, Y., Liu, K., Li, H., Jiang, Z., et al. (2016). Hyperglycaemia
inhibits REG3A expression to exacerbate TLR3-mediated skin inflammation in
diabetes. Nat. Commun. 7, 13393. doi:10.1038/ncomms13393

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 65394018

Geng et al. Diabetic Wound Healing

https://doi.org/10.1111/iwj.12411
https://doi.org/10.2174/138161212800165997
https://doi.org/10.1038/s41586-018-0448-9
https://doi.org/10.1016/j.semcdb.2018.11.003
https://doi.org/10.1111/wrr.12444
https://doi.org/10.1016/j.molcel.2017.08.017
https://doi.org/10.1038/nri2852
https://doi.org/10.1016/j.cmet.2013.10.006
https://doi.org/10.1007/s12026-013-8474-z
https://doi.org/10.1016/j.jdermsci.2013.10.009
https://doi.org/10.1016/j.jdermsci.2013.10.009
https://doi.org/10.1146/annurev-nutr-071811-150623
https://doi.org/10.1146/annurev-nutr-071811-150623
https://doi.org/10.2337/db12-0684
https://doi.org/10.1038/sj.cdd.4401632
https://doi.org/10.1016/j.jid.2019.08.449
https://doi.org/10.1016/j.jid.2019.08.449
https://doi.org/10.2337/db15-0340
https://doi.org/10.1016/j.vph.2018.05.011
https://doi.org/10.1074/jbc.m116.749473
https://doi.org/10.1074/jbc.m116.749473
https://doi.org/10.1016/j.jid.2019.02.019
https://doi.org/10.1016/j.jacc.2013.03.089
https://doi.org/10.1016/j.jacc.2013.03.089
https://doi.org/10.1038/nm.2279
https://doi.org/10.1038/nm.2279
https://doi.org/10.1084/jem.20061011
https://doi.org/10.1096/fj.202002334r
https://doi.org/10.1002/hep.29117
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.1155/2017/1428537
https://doi.org/10.1016/j.intimp.2018.12.019
https://doi.org/10.1016/j.intimp.2018.12.019
https://doi.org/10.1111/1753-0407.12630
https://doi.org/10.1038/s41586-019-1170-y
https://doi.org/10.1038/s41586-019-1170-y
https://doi.org/10.4161/auto.23628
https://doi.org/10.1016/j.immuni.2017.02.011
https://doi.org/10.1016/j.immuni.2017.02.011
https://doi.org/10.1126/science.aaa8064
https://doi.org/10.1371/journal.pone.0091355
https://doi.org/10.1038/ni.2022
https://doi.org/10.1046/j.1523-1747.2000.00029.x
https://doi.org/10.1016/j.jid.2019.01.005
https://doi.org/10.1182/blood-2012-01-403386
https://doi.org/10.1182/blood-2012-01-403386
https://doi.org/10.1038/nm.3887
https://doi.org/10.1371/journal.pone.0091574
https://doi.org/10.1074/jbc.r300030200
https://doi.org/10.1038/s41419-017-0257-3
https://doi.org/10.1038/ncomms13393
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Wu, Y., Wei, Q., and Yu, J. (2019). The cGAS/STING pathway: a sensor of
senescence-associated DNA damage and trigger of inflammation in early age-
related macular degeneration. Cia 14, 1277–1283. doi:10.2147/cia.s200637

Xu, F., Zhang, C., and Graves, D. T. (2013). Abnormal cell responses and role of
TNF-alpha in impaired diabetic wound healing. Biomed. Res. Int. 2013, 754802.
doi:10.1155/2013/754802

Yang, S., Gu, Z., Lu, C., Zhang, T., Guo, X., Xue, G., et al. (2020). Neutrophil
extracellular traps are markers of wound healing impairment in patients with
diabetic foot ulcers treated in a multidisciplinary setting. Adv. Wound Care 9
(1), 16–27. doi:10.1089/wound.2019.0943

Yin, Y., Chen, F., Wang, W., Wang, H., and Zhang, X. (2017). Resolvin D1 inhibits
inflammatory response in STZ-induced diabetic retinopathy rats: possible
involvement of NLRP3 inflammasome and NF-κB signaling pathway. Mol.
Vis. 23, 242–250.

Yin, Y., Chen, F., Li, J., Yang, J., Li, Q., and Jin, P. (2020). AURKA enhances
autophagy of adipose derived stem cells to promote diabetic wound repair via
targeting FOXO3a. J. Invest. Dermatol. 140 (8), 1639–1649. doi:10.1016/j.jid.
2019.12.032

Yona, S., Kim, K.-W., Wolf, Y., Mildner, A., Varol, D., Breker, M., et al. (2013). Fate
mapping reveals origins and dynamics of monocytes and tissue macrophages
under homeostasis. Immunity 38 (1), 79–91. doi:10.1016/j.immuni.2012.12.001

Yu, Y., Liu, Y., An, W., Song, J., Zhang, Y., and Zhao, X. (2019). STING-mediated
inflammation in Kupffer cells contributes to progression of nonalcoholic
steatohepatitis. J. Clin. Invest. 129 (2), 546–555. doi:10.1172/JCI121842

Yu, Y., Jiang, L., Wang, H., Shen, Z., Cheng, Q., Zhang, P., et al. (2020). Hepatic
transferrin plays a role in systemic iron homeostasis and liver ferroptosis. Blood
136 (6), 726–739. doi:10.1182/blood.2019002907

Yuan, L., Mao, Y., Luo, W., Wu, W., Xu, H., Wang, X. L., et al. (2017). Palmitic acid
dysregulates the Hippo-YAP pathway and inhibits angiogenesis by inducing
mitochondrial damage and activating the cytosolic DNA sensor cGAS-STING-
IRF3 signaling mechanism. J. Biol. Chem. 292 (36), 15002–15015. doi:10.1074/
jbc.m117.804005

Zelechowska, P., Agier, J., Kozłowska, E., and Brzezińska-Błaszczyk, E. (2018).
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