
REVIEW

Mast Cells in Diabetes and Diabetic Wound Healing

Jie Dong . Lihong Chen . Ying Zhang . Navin Jayaswal .

Ikram Mezghani . Weijie Zhang . Aristidis Veves

Received: July 21, 2020 /Accepted: September 4, 2020 / Published online: September 15, 2020
� The Author(s) 2020

ABSTRACT

Mast cells (MCs) are granulated, immune cells
of the myeloid lineage that are present in con-
nective tissues. Apart from their classical role in
allergies, MCs also mediate various inflamma-
tory responses due to the nature of their secre-
tory products. They are involved in important
physiological and pathophysiological responses
related to inflammation, chronic wounds, and
autoimmune diseases. There are also indications
that MCs are associated with diabetes and its
complications. MCs and MC-derived mediators
participate in all wound healing stages and are
involved in the pathogenesis of non-healing,
chronic diabetic foot ulcers (DFUs). More
specifically, recent work has shown increased
degranulation of skin MCs in human diabetes
and diabetic mice, which is associated with

impaired wound healing. Furthermore, MC
stabilization, either systemic or local at the skin
level, improves wound healing in diabetic mice.
Understanding the precise role of MCs in
wound progression and healing processes can
be of critical importance as it can lead to the
development of new targeted therapies for dia-
betic foot ulceration, one of the most devastat-
ing complications of diabetes.
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Key Summary Points

This is a review paper that focuses on the role
of mast cells in diabetic wound healing. Skin
mast cells are degranulated in diabetes.
Stabilization of the mast cells reduces
degranulation and promotes wound healing
in animal models. This can be a new
treatment for diabetic foot ulceration.
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INTRODUCTION

More than 140 years have passed since Paul
Ehrlich presented his doctoral thesis, ‘‘Contri-
bution to The Theory and Practice of Histolog-
ical Dyes,’’ in which mast cells (MCs) were first
described [1, 2]. A wealth of knowledge has been
generated since, and our perception of the role
and functions of MCs in our bodies has been
remodeled. From being known for their detri-
mental role in allergic diseases, such as food
allergies, asthma, and anaphylaxis, for decades;
to now recognized as crucial players in a diverse
array of physiological and pathologic functions,
including vasodilation, angiogenesis, lym-
phangiogenesis, pathogen elimination, innate
and adaptive immune responses, wound heal-
ing, and homeostasis. Moreover, MCs play an
important role in many diseases, such as gas-
trointestinal disorders, diabetes, malignancies,
and cardiovascular diseases [3–6]. However, to
this day, the pathophysiological roles of MCs
are not well understood. In this review, we
summarize the recent perception of MCs and
mainly focus on MCs in diabetes and diabetic
wound healing.

MCS ORIGIN AND FUNCTIONS

MCs are granular, long-lived, tissue-residing
immune cells derived from precursor cells in the
bone marrow [7]. The progenitors release into
the circulation and reach various organs to dif-
ferentiate into multiple MC subtypes. These
various subtypes have been characterized in
both humans and animals on the basis of dif-
ferences in cell morphology, histochemical
properties, protease content in granules, ana-
phylactic types of degranulation, receptor
expression, and functions [8–10]. MCs can
change their phenotype depending on the

tissue environment and culturing conditions
[11, 12]. Recently, significant heterogeneity in
gene expression of tissue-resident MCs has been
described by using a comprehensive analysis of
the transcriptome of individual anatomically
distinct mouse MC populations [13]. MCs are
distributed throughout nearly all tissues and are
often found in close proximity to epithelia,
fibroblasts, blood and lymphatic vessels, and
nerves [6, 14]. They are commonly activated by
(1) immunoglobulin E (IgE) antigen cross-link-
ing, which results in the degranulation of the
cells and the secretion of various pre-formed
molecules including histamine, serotonin,
tryptase, chymase, and lipid-derived mediators,
as well as by (2) IgE-independent non-allergic
responses, which results in the release of both
pre-formed and newly synthesized MC media-
tors, including cytokines and chemokines
[15–17].

MCs are key initiators and modulators of
allergic disorders, such as bronchial asthma,
allergic rhinitis, urticaria, food allergies, ana-
phylaxis, atopic dermatitis, and angioedema
[4, 18]. As a result of their location, surface
receptors, and a wide spectrum of inflammatory
and immunomodulatory mediators, MCs are
thought to act as the first sentinels in response
to metabolic and immunological changes
[19–22]. Additionally, MCs communicate and
interact with many immune and non-immune
cells, such as dendritic cells, macrophages,
T cells, B cells, fibroblasts, eosinophils,
endothelial cells, and epithelial cells. This
facilitates their capacity to be involved in reg-
ulating the functions of many tissues and
organs [23, 24]. There is increasing evidence
that MCs play roles in organ development, skin
barrier homeostasis, wound healing, angiogen-
esis, lymphangiogenesis, heart function,
autoimmune diseases, and tumor initiation and
progression [5, 6, 14, 25].

MCS IN DIABETES

Type 1 Diabetes Mellitus

Type 1 diabetes mellitus (T1DM), or insulin-de-
pendent diabetes mellitus, is an autoimmune
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disease resulting from interactions of genetic,
environmental, and immunologic factors that
destroy insulin-producing pancreatic b cells in
the islets of Langerhans and lead to insulin
deficiency [26, 27]. While significant numbers
of islet-infiltrating CD8? cytotoxic T cells and
macrophages have been observed in recent-on-
set T1DM, making them the most prominent
infiltrating cell type in islets devoid of insulin-
positive cells [28], several studies demonstrated
the importance of other islet-infiltrating cell
types such as leukocytes and MCs. Though the
role of MCs in the pathogenesis of T1DM is not
clear, it is generally accepted that MCs are able
to present antigens to activate T cells in major
histocompatibility complex class I and class II
pathways in rodents and humans. It has also
been suggested that MCs promote T cell migra-
tion into inflammatory sites by producing
chemokines, or indirectly by increasing
endothelial cell adhesion molecule expression
[29]. In samples from donors with T1DM, a
larger number of MCs were found to infiltrate
pancreatic islets compared with those from
donors without diabetes or with type 2 diabetes
mellitus (T2DM). Furthermore, the extent of the
infiltration correlated with b cell damage. His-
tamine, which is found at high levels in MCs,
directly contributed to b cell death in isolated
human islets and INS-1E cells, an insulin-se-
creting cell line, via a caspase-independent
pathway [30]. The observation that patients
with T1DM and their siblings have increased
levels of circulating IgE compared to the general
population also suggests that IgE-mediated
activation of MCs could be involved in the
pathogenesis of T1DM [31]. However, the exact
role of MC, if any, in the activation and
migration of autoreactive T cells to the islets has
not been demonstrated, raising doubts regard-
ing their possible role.

The DRlyp/lyp rats are a T1DM animal model
that develops spontaneous T1DM with hyper-
glycemia, glycosuria, weight loss, decreased
plasma insulin, and peripheral T cell lym-
phopenia. In contrast, the wild-type DR?/? rats
do not develop diabetes but have a genetic
predisposition. Previous studies have shown
that in pancreatic lymph nodes (PLN), MCs
were more abundant in DRlyp/lyp rats than in

DR?/? rats and that their gene expression profile
revealed an upregulation in specific MC genes.
When treated with the MCs stabilizer disodium
cromoglycate (DSCG or cromolyn), a mem-
brane stabilizer that inhibits MC degranulation,
DRlyp/lyp rats show delayed T1DM onset [32].
However, those results were not definitive since
it is now clear that cromolyn is not a highly
selective MC blocker and can affect other innate
immune cells such as macrophages and baso-
phils [33].

The role of MCs in the streptozocin-induced
model of T1DM was evaluated by employing
W/Wv or Wsh/Wsh MC-deficient mice. MC-de-
ficient mice developed severe insulitis and
accelerated hyperglycemia, with 100% of mice
becoming diabetic compared to their litter-
mates. They also had decreased numbers of T
regulatory cells in the PLNs, and MCs deficiency
caused a significant reduction in interleukins
(IL), such as IL-10, IL-6, and transforming
growth factor-beta (TGFb) expression in the
pancreatic tissue. These results indicate that
MCs play a protective role in T1DM and suggest
that a failure in MCs expression and function
leads to the increased severity of this disease
[34]. However, additional studies in two non-
obese diabetic (NOD) mouse models with MC
deficiency, namely the NOD.kitW-sh/W-sh and
NOD.Cpa3Cre/? mice, showed that the absence
of MCs did not affect the progression or inci-
dence of T1DM and had no discernible effects
on the overall autoimmune response, which
involves both innate and adaptive immune
components [35]. Finally, in NOD mice, condi-
tional MCs knockout that results in MCs selec-
tive depletion at an early stage, protects the
mice from autoimmune T1DM. MCs of NOD
mice were overly inflammatory, and they
secrete a large amount of IL-6, which favors the
differentiation of IL-17-secreting T cells but
failed to acquire a tolerogenic IL-10? pheno-
type [36]. The controversies of these outcomes
partly result from the different models applied.
Moreover, some of these models carry various
immune abnormalities or have an increase or
decrease in other cell types that can affect
T1DM [37, 38].
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Type 2 Diabetes Mellitus

Type 2 diabetes mellitus (T2DM), or non-in-
sulin-dependent diabetes mellitus, is the most
common form of diabetes. It is characterized by
increased plasma glucose levels due to insulin
secretion deficiencies and insulin resistance,
which can be a direct consequence of obesity.
Obesity is associated with chronic, low-grade
inflammation of adipose tissue (AT), character-
ized by recruitment of immune cells such as
proinflammatory M1 macrophages, neu-
trophils, natural killer cells, T helper cells
type 1, T helper cells type 17, B cells, and MCs
[39–42]. AT is a reservoir for MCs, where their
numbers are found to be particularly increased
in obese individuals compared with lean sub-
jects. Most MCs are degranulated as tryptase
concentrations are significantly higher in serum
obtained from patients with obesity [43, 44]. As
potent inducers of inflammatory responses,
MCs could potentially contribute to obesity-
induced AT inflammation and metabolic dys-
regulation [45]. MC-deficient KitW-sh/W-sh mice
and wild-type mice that are treated with cro-
molyn to stabilize MCs do not develop obesity
in response to high-fat diet, nor do they show
signs of increased levels of inflammatory
cytokines, chemokines, and proteases in serum
and white adipose tissue (WAT). Moreover,
proinflammatory MCs play detrimental roles in
obesity and diabetes. MCs in WAT obtained
from lean humans and mice were leptin-defi-
cient and polarized macrophages toward an
anti-inflammatory M2 phenotype. An adoptive
transfer of leptin-deficient MCs mitigates obe-
sity and diabetes in obese mice [46].

MCs also play a role in regulating AT ther-
mogenesis. Using the tryptophan hydroxylase 1
(Tph1) inhibitor and Tph1-deficient MCs,
studies showed that MC-derived serotonin
inhibits subcutaneous adipose tissue browning
and systemic energy expenditure. Functional
inactivation of MCs or inhibition of MC sero-
tonin synthesis in subcutaneous adipose tissue
promotes adipocyte browning and systemic
energy metabolism in mice [47]. Furthermore,
the exposure of mice to thermoneutrality pro-
motes the infiltration of WAT with MCs that are
highly enriched with Tph1. Engraftment of MC-

deficient mice with Tph1-/- MCs or selective
MCs deletion of Tph1 enhances uncoupling
protein 1 expression in WAT and protects mice
from developing obesity and insulin resistance
[48].

However, conflicting findings have been
reported on metabolic dysfunction that is rela-
ted to obesity in MC-deficient mice, which are
presented in detail in Table 1. More specifically,
not only did some studies demonstrate that the
absence of MCs does not affect AT inflamma-
tion and metabolic dysregulation but they also
showed the protection of Kit mutant mice
against the effects of hypercaloric diet resulted
from effects of reduced Kit expression rather
than MCs deficiency [49]. Studies on diet-in-
duced obesity in Mcpt5-Cre R-DTA MC-defi-
cient mice, in which the lack of MCs is caused
by a principle different from MCs deficiency in
Cpa3Cre/? mice or Kit mutations, also observed
no differences in terms of accumulation of
M1 macrophages or upregulation of inflamma-
tory cytokines including IL-1b, IL-6, IL-10, and
tumor necrosis factor (TNF) between the MC-
deficient and MC-proficient mice. Furthermore,
MC deficiency had no marked changes in obe-
sity and obesity-related dysregulation observed
in weight gain, glucose tolerance, insulin resis-
tance, and other metabolic parameters [50]. In
another study, wild-type and MC-deficient mice
were fed a high-fat or low-fat diet to study MC
influence on inflammatory cell polarization in
WAT and overall metabolic changes. The results
demonstrated that MCs contributed to the local
pro-inflammatory state within WAT in obesity
but did not play a primary role in causing
insulin resistance [51]. Thus, whether MCs play
an essential role in obesity and related
pathologies is still under debate. Generally, the
MC population in AT is dynamic in nature,
showing changes associated with tissue remod-
eling in obesity. On the basis of the anatomical
positions of fat pads such as subcutaneous and
epididymal fat, MCs may show different activity
levels and distributions [52].

In addition to the above, MCs contribute to
the progression of complications in T2DM. An
increased number of MCs were observed in the
kidneys of diabetic animals where they have
been found to release various mediators, such as
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Table 1 Studies examining whether metabolic dysfunction is related to obesity in MC-deficient mice

Study
year

Model Main findings Comments

2006

Geoffrey

et al.

[32]

DRlyp/lyp and

DR?/? rats

MCs were more abundant in DRlyp/lyp rats

than in DR?/? rats and that their gene

expression profile revealed an

upregulation in specific MC genes. When

treated with the MCs stabilizer disodium

cromoglycate (DSCG or cromolyn), a

membrane stabilizer that inhibits MCs

degranulation, DRlyp/lyp rats show

delayed T1DM onset

Those results were not definitive since it is

now clear that cromolyn is not a highly

selective MC blocker and can have an

effect on other innate immune cells such

as macrophages and basophils [33]

2015

Carlos

et al.

[34]

W/Wv or Wsh/

Wsh MC-

deficient mice

W/Wv or Wsh/Wsh MC-deficient mice

developed severe insulitis and accelerated

hyperglycemia with 100% of mice

becoming diabetic compared to their

littermates. They also had decreased

numbers of T regulatory cells in the

PLNs and MCs deficiency caused a

significant reduction in interleukins (IL),

such as IL-10, IL-6, and transforming

growth factor-beta (TGFb) expression in

the pancreatic tissue

Additional studies in two nonobese diabetic

(NOD) mouse models with MC

deficiency, namely the NOD.kitW-sh/W-sh

and NOD.Cpa3Cre/? mice, showed that

the absence of MCs did not affect the

progression or incidence of T1DM and

had no discernible effects on the overall

autoimmune response, which involves

both innate and adaptive immune

components [35]

2015

Zhou

et al.

[46]

MC-deficient

KitW-sh/W-sh

mice and wild-

type mice

MC-deficient KitW-sh/W-sh mice and wild-

type mice that are treated with cromolyn

to stabilize MCs do not develop obesity

in response to high-fat diet nor do they

show signs of increased levels of

inflammatory cytokines, chemokines, and

proteases in serum and white adipose

tissue (WAT). Moreover,

proinflammatory MCs play detrimental

roles in obesity and diabetes. MCs in

WAT obtained from lean humans and

mice were leptin-deficient and polarized

macrophages toward an anti-

inflammatory M2 phenotype. An

adoptive transfer of leptin-deficient MCs

mitigates obesity and diabetes in obese

mice

The protection of Kit mutant mice against

the effects of hypercaloric diet resulted

from effects of reduced Kit expression

rather than MCs deficiency [49]

Studies on diet-induced obesity in Mcpt5-

Cre R-DTA MC-deficient mice, in which

the lack of MCs is caused by a principle

different from MCs deficiency in

Cpa3Cre/? mice or Kit mutations, also

observed no differences in terms of

accumulation of M1 macrophages or

upregulation of inflammatory cytokines

[50]
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TGFb, chymase, tryptase, cathepsin G, rennin,
and many others. The release of such mediators
from MCs may contribute to renal diseases and
renal interstitial fibrosis and cause extracellular
matrix (ECM) accumulation [53, 54]. A recent
study indicated that MC infiltration might
promote renal interstitial fibrosis via the stem
cell factor (SCF)/c-KIT signaling pathway, which
can be inhibited by an antiallergic drug such as
tranilast [55]. Another pathway in which MCs
contribute to the pathogenesis of diabetic
nephropathies might involve the renin–an-
giotensin system (RAS). Drugs that can inhibit
renin directly prevented the increase of MCs in
diabetic mice. This was observed when mice
were treated with aliskiren [56]. Furthermore,
MCs play a substantial role in the development
of atherosclerosis in patients with diabetes as
they secrete several cytokines including IL-6
and IFNc, as well as chemokines such as
eotaxin, monocyte chemoattractant protein 1
(MCP-1), and RANTES, which are involved in
the recruitment of monocytes into the inflam-
mation sites and promote differentiation in the
arterial wall. Additionally, MCs participate in
lipid retention, vascular cell remodeling, and
atherosclerotic plaque progression by releasing
vasoactive and angiogenic compounds, and
pro-inflammatory mediators, such as arachi-
donic acid metabolites, histamine, cytokines,
chemokines, platelet-activating factors, and
proteolytic enzymes [57]. Studies also depicted
the contribution of MCs to the pathogenesis of
hyperglycemia-induced atrial fibrillation via the
enhancement of inflammation and fibrosis with
MC-deficient W/W(v) mice [58]. Cardiac MCs
were supposed to be activated by metabolic
byproducts resulted from hyperglycermia and
then participate in the remodeling process of
cardiomyopathy by releasing a multitude of
cytokines and bioactive enzymes. Increased
numbers of MCs and mediator release have
been reported in explanted human hearts with
dilated cardiomyopathy [59, 60]. Other studies
have reported increased cardiac MC density and
elevated MC secretions that correlated with
gene expression and aberrant cytokine levels
associated with cardiac remodeling. Nedocro-
mil, a pharmacologic stabilizer of MC, halted
contractile dysfunction in diabetic mice,

reduced cardiac MC density, reduced the
expression of MMP-2, MMP-9, TNFa, and IFNc,
and increased the expression of IL-4 and IL-10,
resulting in attenuation of the diabetes-induced
cardiomyopathy [61]. MC-deficiency protects
mice from streptozotocin-induced diabetic car-
diomyopathy [62]. The main MCs functions are
summarized in Fig. 1.

MCS IN WOUND HEALING

Wound healing is a complex and dynamic pro-
cess that involves coordinated and overlapping
phases, including coagulation, inflammation,
proliferation, and remodeling aimed at ulti-
mately restoring the barrier function and
mechanical integrity of the skin. The vascular
system and numerous cell types, cytokines, and
mediators are involved in this process [63]. It is
initiated with the vasoconstriction of blood ves-
sels andplatelet aggregation to stop the bleeding,
followed by a flux of a variety of inflammatory
cells, such as MCs, neutrophils, macrophages,
and endothelial cells. These inflammatory cells
then release various mediators and cytokines to
promote fibroblast proliferation and migration
to the wound area to secrete new ECM and
granulation tissue, which then fills the wound
prior to re-epithelialization. In the remodeling
phase, collagen bundles increase in diameter and
become organized to achieve greater tensile
strength. Furthermore, fibroblasts undergo a
transformation and differentiate into myofi-
broblasts to facilitate wound contraction [64].

MCs represent up to 8% of the total number
of cells within the dermis and are localized
adjacent to the epidermis and the subdermal
vasculature and nerves. There is evidence sup-
porting the participation of MCs in wound
healing owing to their interaction with macro-
phages, endothelial cells, and fibroblasts
[65–68]. At the onset of a cutaneous injury, MCs
are recruited by anaphylatoxins C3a and C5a,
produced under the influence of Hageman fac-
tor (XII) and SCF secreted by keratinocytes.
Subsequently, recruited MCs release TNFa, his-
tamine, vascular endothelial growth factor
(VEGF), IL-6, IL-8, platelet-derived growth factor
(PDGF), TGFb, nerve growth factor, and other
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mediators. These MC-released mediators play
significant roles in the wound healing process,
where they (1) contribute to clot stabilization,
neoangiogenesis, fibrinogenesis, and re-epithe-
lialization, (2) increase endothelial permeability
and vasodilation, (3) facilitate migration of
monocytes and neutrophils to the site of injury,
and (4) activate keratinocytes and fibroblasts. It
has been observed that early skin wound healing
is impaired in the absence of MCs, and after
wound healing, vascular permeability and neu-
trophil recruitment is decreased. MCs degranu-
late in response to skin wounding and
inhibition of histamine, but not in the absence
of TNFa, which results in a delayed skin wound
closure [67]. MCs were found contributing to
scar formation during fetal wound healing. MCs
enhance scar formation and mediate the tran-
sition from scarless to fibrotic healing during
fetal wound repair. MC-deficient (KitW/W-v) was
shown to produce less scar tissue when com-
pared to wild-type (Kit?/?) fetuses [69]. The
growth and differentiation factor activin A is a

key regulator of tissue repair, inflammation, and
fibrosis and can increase the number of mature
MCs in mouse skin in vivo [69].

MCs were also involved in regulating the
homeostatic expression of epidermal differen-
tiation complex (EDC) genes, where decreased
barrier functions were found in the absence of
MCs. In MC-deficient mice, there is a dimin-
ished expression of multiple EDC genes and
evidence of increased barrier permeability to
protein antigens [70]. MCs have been reported
as being more efficient in their ability to
downregulate factor XIIIa than in contributing
to its amounts and functions in homeostatic
conditions. Activated MCs controlled throm-
bin-induced skin inflammation by MC pro-
tease 4, suggesting the complex function of
MCs in wound healing, especially in chronic
wound healing [71]. Further studies found that
MC-deficient mice have a significantly delayed
wound closure in infected skin wounds. The
delay was associated with impaired bacterial
clearance in the absence of MCs [22].

Inflamma�on in islets
Chemokines

T cell infiltra�on

Ac�vated mast cell

β cell death
Caspase-independent pathway

Adipose �ssue inflamma�on

Atherosclerosis
IL-6, IFN-γ, chemokines

Renal inters��al fibrosis
Stem cell factor/c-KIT signaling pathway

Renal angiotensin system

Cardiac remodeling

Fig. 1 Main mast cell functions in diabetes
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It should be emphasized that there is no
universal consensus regarding the role of MCs
in wound healing. Thus, studies using mated
activin transgenic mice with CreMaster mice
observed that loss of MCs did not affect the
wound healing process. Furthermore, MC defi-
ciency did not alter wounding-induced inflam-
mation and new tissue formation or chemically
induced angiogenesis in mice with normal
activin levels. This led to the hypothesis that
MCs are not major targets of activin during
wound healing and do not play a major role in
wound healing in general [72]. However, a
drawback of these studies is that they were
performed with different mice models, which
have additional abnormalities in the immune
system, and this can be the main reason for the
observed contradictory results. A more specific
and reliable model of MC deficiency is needed
to fully comprehend the role of MC in normal
wound healing.

DIABETIC FOOT ULCERATION

Diabetic foot ulcers (DFUs) are a leading cause
of hospital admission for patients with diabetes.
DFUs are a major morbidity, often causing
patients to suffer from severe pain and a poor
quality of life. Approximately 10–15% of
patients with diabetes develop foot ulcers, and
15% of patients with DFU require amputation,
both of which are associated with high mortal-
ity rates of 16.7% at 12 months and over 50% at
5 years [73]. In contrast to non-diabetic
wounds, diabetic wounds are characterized by
prolonged inflammation, impaired angiogene-
sis, and delayed wound closure. The etiology of
non-healing DFUs is multifactorial because of a
combination of peripheral neuropathy, periph-
eral artery disease, and altered immune func-
tion. Additionally, the recruitment of
endothelial progenitor cells is impaired in dia-
betes as a result of reduced nitric oxide pro-
duction, which ultimately results in impaired
angiogenesis. However, the most direct effects
on wound healing come from the functional
alterations in cells activated by the immune
response, including platelets, macrophages,
neutrophils, endothelial cells, fibroblasts, and

keratinocytes, all contributing to a failure to
progress through the normal phases of wound
healing [74].

We previously showed that increased skin
inflammation and aberrant growth factor levels
are the main factors associated with a failure to
heal DFUs. Patients with DFUs had more severe
neuropathy, higher white blood cell count, and
lower endothelium-dependent and indepen-
dent vasodilation in the macrocirculation.
Patients whose ulcers failed to heal had higher
TNFa, MCP-1, matrix metallopeptidase-9
(MMP-9), and fibroblast growth factor 2 serum
levels when compared with those who healed.
Skin biopsy analysis showed that compared
with control subjects, patients with diabetes
had increased immune cell infiltration, expres-
sion of MMP-9, and protein tyrosine phos-
phatase 1B, which negatively regulates the
signaling of insulin, leptin, and various growth
factors [75]. We also observed that increased
chronic inflammation and blood vessel density
in the skin of patients with diabetes and in
experimental diabetes models [75, 76], as well as
the defective inflammation resolution in dia-
betic mouse wounds, impair the healing process
[77].

Subsequent studies in our unit showed that
the number of degranulated MCs was increased

cFig. 2 Skin MC degranulation, assessed by toluidine blue
and/or tryptase immunostaining, is increased in patients
with DM and is associated with inflammation. a Repre-
sentative images of toluidine blue-stained MCs in forearm
skin (top panel) and of tryptase-immunostained MCs in
foot skin specimens (bottom panel) from subjects with and
without DM (scale bar 10 lm). Black arrows show non-
degranulated MCs and red arrows show degranulated
MCs. Degranulated MCs were in proximity to inflamma-
tory cells (blue arrows). b The total number and
c percentage of degranulated MCs stained with toluidine
blue were increased in forearm skin specimens from
subjects with DM. d MC degranulation was also increased
in foot skin specimens from subjects with DM stained
with tryptase, while e the total number of MC was not
different. *p\ 0.05. f–h A positive correlation was
observed between degranulated MCs and the f dermis
inflammatory cells, the serum levels of g IL-6 and h TNFa.
(Ref. [77])
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in unwounded forearm and foot skin of patients
with diabetes and in the unwounded dorsal skin
of diabetic mice (Figs. 2 and 3). Conversely,
post-wounding MCs degranulation increased in
non-diabetic mice, but not in diabetic mice.
Pretreatment with the MCs degranulation
inhibitor DSCG rescued diabetes-associated
wound-healing impairment in mice. Pretreat-
ment with DSCG also shifted macrophages to
the regenerative M2 phenotype. Macrophages
are critical for the healing of DFUs and can be
broadly characterized as ‘‘pro-inflammatory’’
M1 or ‘‘immunomodulatory/regenerative’’ M2
[78, 79]. M1 activation is required during the
acute inflammatory phase, although it is also
present in chronic wounds characterized by
persistent inflammation [80]; whereas M2 acti-
vation during the proliferative phase promotes
angiogenesis and collagen production [81].
Single-cell RNA sequencing analyses of healthy
lower extremity skin and DFUs found that the
DFU groups had significantly more M1 polar-
ized as compared to M2 [82]. Furthermore, our
studies showed that non-diabetic and diabetic
mice deficient in MCs had delayed wound
healing compared with their wild-type (WT)
controls. These results indicate that intact, non-
degranulated MCs are necessary for proper
healing, and therapies inhibiting MC degranu-
lation could improve wound healing in diabetes
[83].

MCs may also be involved in modulating
VEGF, which acts on multiple components of
the wound healing cascade, including angio-
genesis, epithelization, and collagen deposition.
MCs are a significant source of VEGF in mouse
skin, and its release from human MCs is reduced
in hyperglycemic conditions [84]. Local MC
activation increased blood flow through the
hind limb (46% at day 9) compared to that in
non-activated control mice. Histological analy-
sis of the muscle tissue revealed an increased
number of CD31? capillaries [85].

In addition to the above, additional modes
of action for MCs have been proposed. MCs
have been shown to promote mesenchymal
stem cell (MSC) proliferation and migration by
the activation of the PDGF pathway, downreg-
ulation of miR-145/143, and modulation of the
myocardin–Klf4 axis [86]. Chymase released by

MC increased proliferation of skin fibroblast
and expression of TGFb1 and interleukin IL-1b
in a dose-dependent way [87]. MC protease
mMCP-6, an MC-specific tryptase, has scar-
suppressing properties after spinal cord injury
via indirect cleavage of axon growth-inhibitory
scar components and alteration of the gene
expression profile of these factors [88]. MCs
protect from the exacerbated allergic skin
inflammation induced by repeated allergen
challenges [89]. MCs were also utilized as an
alternative target in the vasoplegic response in
cardiac surgery [90], while MC protease 7 could
promote angiogenesis by the degradation of
integrin subunits [91].

MCS-RELATED DIABETIC WOUND
THERAPY

DFUs treatment requires fully identifying the
etiology and assessing the co-morbidities. Ade-
quate care for DFUs should include a focus on
appropriate wound debridement, infection
control, relieving pressure while standing or
walking, and optimizing blood flow. With
technological advancement, a series of
advanced therapies have been implemented,
such as bioengineered skin substitutes, negative
pressure wound therapy, and the development
of new wound dressings [92]. Though these
treatments have provided encouraging results,

cFig. 3 Functional MCs are required for proper wound
healing. Wound healing progress was evaluated over a
10-day period in non-DM and DM mice DSCG treated or
not treated and MC-deficient mice. a, b Wound healing
was delayed in C57BL6 DM mice compared to non-DM
mice and DSCG pre-treatment accelerated it from days 6
to 10 post wounding. DSCG had no effect on non-DM
mice. c–f Wound healing was delayed in KitW/KitW-v
mice with or without DM, when compared to their
respective non-DM or DM WBB6F1 controls. Topical SP
improved healing at day 10 post wounding in both non-
DM and DM WBB6F1 mice, but failed to have an effect
in either non-DM KitW/KitW-v or DM KitW/KitW-v
mice. g, h Wound healing was delayed in MC-deficient
KitW-sh/KitW-sh mice when compared to their respective
B6.Cg controls. *p\ 0.05. (Ref. [77])
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most of them are expensive, and some even
have significant side effects that often result in
non-compliance. As MC and their secreted fac-
tors can regulate the process of wound healing

at multiple levels, MCs stabilizers may be a new
therapeutic modality to treat DFUs.

Fig. 4 Synthesis and validation of mast cell stabilization
by MCS-01. a Chemical synthesis of MCS-01. In rat RBL-
2H cells MCS-01 reduced b Ca2? influx measured as %
relative fluorescence of Fluo-4, c b-hex release measured as
% of total b-hex in cell lyses at 30 min, and d TNFa
release measured at 3 h of MCS-01 stimulation
(0.033–30 lM) after thapsigargin (Tg, 1 lM) activation
(n = 3). MCS-01 (100 lM) treatment inhibited SP
(2 lM)-mediated e b-hex release (after 30 min pre-treat-
ment), f TNFa or g IL-8 release (after 24 h pre-treatment)
from human mast cells. h Development of MCS-0-
releasing bandage for topical delivery: the schematic of

alginate bandage fabrication. Mixture of alginate polymer,
laponite, and MCS-01 drug is added to acrylic molds and is
frozen at - 20� C. The molds are then placed in a
lyophilizer to remove ice crystals, leaving polymer meshes
with large voids. The dried polymer meshes are then placed
in a large 100 mM CaCl2 bath for 15 min to form ionic
cross-linking for gelation. Alginate bandages are formed.
i In vitro release of MCS-01 from alginate bandages. Data
shown as mean ± SD (n C 3, *p B 0.05, **p B 0.01,
***p B 0.001) (Ref. [89])

4530 Adv Ther (2020) 37:4519–4537



MCs Stabilizers

MC stabilizer ketotifen was used to treat both
Yorkshire and red Duroc pigs. Studies showed
that ketotifen treatment significantly reduced
the first phase of contraction in red Duroc pig
wounds to a level equivalent to Yorkshire
wounds, but had no detectable effects on the
post-epithelialization phase of contraction.
Ketotifen treatment also reduced the deposition
of collagen within the red Duroc wounds but
did not affect Yorkshire pig wounds contraction
or collagen deposition, suggesting that keto-
tifen was an effective treatment for the reduc-
tion of excessive wound contraction and
fibrosis in human cutaneous injuries without
affecting the normal healing process [93].
Another study investigated the effects of sys-
temic usage of DSCG, the most widely used MC
stabilizer, on wound healing in BALB/c mice.
The authors reported that the application of
DSCG could reduce the levels of inflammatory
cytokines, such as IL-1a, IL-1b, and CXCL1,
decrease scar width, and accelerate collagen
reorganization [94].

As our previous studies have shown an
increase in degranulated skin MCs in patients
with diabetes and animal models of diabetes, a
study from our unit investigated the effect of
systemic administration of DSCG. It showed
that it increased angiogenesis and improved
wound healing in diabetic mice [83]. As DSCG
may not be a good candidate for topical use, we
further developed a new indole carboxamide-
type of MCs stabilizer, MCS-01, and proved it to
be an effective MCs degranulation inhibitor
in vitro by calcium channel blockade. MCS-01
can be delivered topically for prolonged periods
through controlled release by specifically
designed alginate bandages (Fig. 4). Analyses of
MC supernatants showed that MCS-01 signifi-
cantly inhibited the release of b-hex and TNFa
in a concentration-dependent manner. Human
LAD2 cells stimulated with substance P (SP,
2 mM), an established inducer of MCs degran-
ulation, showed that MCS-01 inhibited b-hex
release and reduced both TNFa and IL-8. This
proved that MCS-01 could affect the degranu-
lation and release of pro-inflammatory media-
tors from MCs. Similar to the effects of a

systemic application of DSCG for MCs stabi-
lization, bandages releasing MCS-01 reduced
MC degranulation in diabetic mouse skin, and
the topical application of MCS-01 accelerated
wound healing in both pre- and post-wounding
of diabetic mice (Fig. 5). We further investigated
the global changes in gene expression patterns.
Bulk transcriptome analysis from wounds trea-
ted with MCS-01 or placebo showed that MCS-
01 (1) significantly modulated messenger RNA
and microRNA profiles of diabetic wounds, (2)
stimulated upregulation of pathways linked to
acute inflammation and immune cell migra-
tion, and (3) activated NF-jB, IL-6, and TREM1
signaling pathways. Single-cell RNA sequencing
analysis of 6154 cells from wounded and
unwounded mouse skin revealed that MCS-01
primarily altered the gene expression of MCs,
monocytes, and keratinocytes, while fibroblasts,
adipocytes, and T cells had no significant
changes. All the above suggests that topical MC
stabilization can be a potentially successful
treatment for DFUs [95].

Finally, photoimmodulation, or photoim-
modulation combined with condition medium
derived from human bone marrow MSCs, sig-
nificantly decreases both the total numbers of
MCs and their degranulation and improves
wound healing in diabetes [96]. Omega-3 fatty
acids significantly decreased the diabetic wound
area by affecting the concentration of MCs [97].
Topical administration of 0.03% naltrexone, an
opioid receptor antagonist, could accelerate
diabetic wound closure by promoting deoxyri-
bonucleic acid synthesis, increasing MCs, and
enhancing the expression of PDGF and VEGF
[98]. DSCG in subcutaneously mesh-implanted
C57BL/6J mice decreased early inflammation
and fibrotic responses [99].

CONCLUDING REMARKS

Recent work has significantly increased our
knowledge of MC as multifaceted immune
modulators and operators of health. MCs have
also been implicated in the development of
non-healing, chronic DFU. The development of
new, potent mast cell stabilizers that are
appropriate for topical use has the potential to
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Fig. 5 Topical MCS-01 applied either pre or post
wounding and DSCG (i.p. injected pre-wounding) accel-
erated wound healing in diabetic mice. a Experimental
design of in vivo wound healing in STZ-induced diabetic
mice. 6-mm full-thickness wounds were created on the
dorsum. Effects after 10 days of topical treatment with
MCS-01-loaded bandages (800 lg/bandage), applied
either before or after wounding (MCS-pre or MCS-post,
respectively), were compared to that of vehicle-only
bandages (blank) or intraperitonially administered mast
cell stabilizer disodium cromoglycate (DSCG). Wounds
before and after bandage application are shown to the
right. b DSCG or pre-MCS-01 treatment reduced skin
mast cell degranulation assessed by toluidine blue staining
compared to blank controls. c Wound size measurement,

d wound re-epithelialization analysis, and e representative
images on day 10 (D10) post wounding showed improve-
ment in treatment groups compared to blank controls.
Topical post-MCS-01 treatment and DSCG also f rescued
the elevation in MMP-9 protein expression at D10 vs D0
observed in diabetic mice. g D10 counts of M1
macrophages were elevated upon post-MCS-01 treatment,
but reduced with pre-MCS-01 and DSCG treatments.
h M2 macrophages showed similar trends as M1. Data
shown as mean ± SD (n C 3, *p B 0.05, **p B 0.01.
Results in Fig. 2d are based on two-sample t test compar-
isons between blank and pre-MCS-01 and DSCG) (Ref.
[89])
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improve impaired diabetic wound healing, one
of the most severe complications of diabetes.
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