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Abstract

Diabetes mellitus (DM) and its associated morbidities embody a significant challenge and considerable
strain on healthcare sectors globally. Significantly, impaired wound healing is a common complication
associated with poorly managed diabetes, often leading to adverse consequences. The diabetic wound
results from a perpetual state of localized inflammation induced by the over-accumulation of
proinflammatory cells along with their cytokines and proteases. Sodium-glucose cotransporter-2 (SGLT-
2) inhibitors represent one of the classes of novel antidiabetic drugs that have shown promising effects
in promoting wound healing, largely due to their anti-inflammatory properties. The findings in this review
were synthesized using authoritative sources and advanced research tools. Searches on platforms such
as Google Scholar, PubMed, Scopus, and JSTOR vyielded high-quality peer-reviewed articles.
Furthermore, the use of generic medication names referenced in this study, combined with terms such
as "wound healing" and "diabetes," facilitated a precise and comprehensive analysis of their therapeutic
implications. Reference materials were sourced from eminent journals like ScienceDirect and The
Lancet, providing a robust empirical foundation, while esteemed repositories such as the World Health
Organization (WHO) enriched the discourse with authoritative insights. This review focused on the
potential impact of SGLT-2 inhibitors, namely, empagliflozin and dapagliflozin, on promoting wound
healing. It will also discuss the mechanistic pathways by which this process is thought to occur. The
current pool of evidence favors the notion that certain antidiabetic medications possess anti-
inflammatory properties that aid in preventing wounds from being in a perpetual inflammatory stage; this
is thought to be accomplished by the downregulation of proinflammatory cytokines, upregulation of
specific growth factors, reduction of metalloproteinases, promotion of angiogenesis, and enhancement
of epithelialization. Nevertheless, this remains a fertile area for further research before these
antidiabetic medications may be incorporated into clinical guidelines as therapeutic agents in the
management of chronic wounds.
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INTRODUCTION
Wound healing
Overview of wounds and their implications

As the body's most expansive organ, the skin
plays a vital role in protecting the moisture-filled
internal organs from the dry external environment
[1]. As a vital immune system component, the
skin provides a protective barrier and an active
defense against external threats. Its immune
cells maintain balance, prevent infections, and
support wound healing. However, disruptions to
this process often result in inflammation and
delayed recovery of wounds [2]. A wound is
characterized by a disruption in the continuous
and intact nature of living tissue at the cellular,
anatomical, and functional levels, typically
presenting as a rupture in the epithelial layer that
may further affect the underlying tissue's
structure and function [3]. Recent reports indicate
that almost one billion people around the world
are affected by acute and chronic wounds, a
staggering figure that results in significant
financial costs [4]. Wounds may arise from a
range of causes, such as surgical interventions,
physical injuries, external influences like burns,
pressure, lacerations, and health issues like
vascular disorders or diabetes [5]. The
persistence of wounds diminishes the quality of
life, driving up healthcare costs by causing
psychological strain, prolonged hospital stays,
and an elevated risk of both morbidity and
mortality. These reasons have led to the
designation of wounds as a “Silent Epidemic.”
[6]. Notably, diabetes mellitus (DM) is a major
contributor to wound complications, as it is linked
to numerous pathological alterations that
significantly impede the wound healing process
[7]. Presently, nearly 500 million individuals are
believed to be affected by DM, with projections
indicating a substantial rise in prevalence in the
coming years. In the United States alone, annual
expenditures exceed $300 billion, encompassing
both healthcare costs and economic losses from
reduced productivity due to DM 8]
Consequently, creating new treatment strategies
to enhance the healing process presents a
significant challenge.

METHODS

The conclusions presented in this review were
meticulously synthesized through the integration
of authoritative academic resources and
advanced research methodologies. Extensive
searches on platforms such as Google Scholar,
PubMed, Scopus, and JSTOR were conducted to
obtain high-quality, peer-reviewed literature. The

inclusion of generic drug names, particularly,
empagliflozin and dapagliflozin, combined with
critical terms such as "wound healing" and
"diabetes," along with keywords such as "anti-
inflammatory” and "antidiabetic,” facilitated a
detailed and comprehensive exploration of their
therapeutic implications. Reference materials
were sourced from eminent journals such as
ScienceDirect and The Lancet, establishing a
robust empirical foundation, while reputable
repositories such as the World Health
Organization (WHO) enriched the analysis with
globally recognized authoritative insights.

Wound healing and its distinct phases

The healing of wounds is a complex and ever-
changing mechanism crucial for repairing
damaged skin and maintaining tissue balance,
requiring the precise orchestration of various
cellular elements, including different cell types,
as well as key growth factors and cytokines [9]. It
involves a series of overlapping and
interdependent phases, including hemostasis,
inflammation, proliferation, and remodeling. Each
of these stages is crucial for ensuring the
effective progression of the healing process
(Figure 1) [10].

Hemostasis

Primary hemostasis is a crucial initial step in
wound healing, where platelets aggregate at the
site of injury through their interaction with
proteins of the extracellular matrix (ECM),
including collagen and fibronectin.  This
aggregation forms the foundation of a clot, which
is subsequently reinforced by secondary
hemostasis. During this phase, the coagulation
cascade is activated, leading to the conversion of
fibrinogen into a fibrin network that captures red
blood cells, thereby stabilizing the clot and
halting further bleeding [9]. Platelets are crucial
in promoting immune cell recruitment to the site
of injury. This is achieved either by trapping the
immune cells within the eschar or by secreting a
variety of factors that stimulate local skin cells,
such as fibroblasts and keratinocytes. These
growth factors play a significant role in activating
the cells, which in turn aids in tissue regeneration
and repair [11].

Inflammation

The inflammatory phase generally spans several
days and is marked by the critical process of
leukocyte chemotaxis, which directs immune
cells to the injury site to facilitate the efficient
removal of cellular debris and pathogens [9].
Neutrophils are the initial immune cells to
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respond to injury, migrating from damaged blood
vessels under the influence of various
chemoattractants, including bacterial endotoxins
such as lipopolysaccharide (LPS) and tumor
necrosis factor-alpha (TNF-a). These cells are
pivotal in phagocytosis, as well as in releasing
reactive oxygen species (ROS), proteolytic
enzymes, and eicosanoids, all of which
contribute to the defense and decontamination of
the wound [12]. Additionally, monocytes from the
bloodstream migrate into the wound tissue,
where they undergo differentiation into
macrophages in response to the surrounding
environment [13]. Moreover, pro-inflammatory
signals activate macrophages, prompting them to
release ROS and inflammatory cytokines [12].

Proliferation

The formation of granulation tissue, re-
epithelialization, and neovascularization
comprise the essential steps that take place
during proliferation, extending over several
weeks [9]. In this phase, critical for angiogenesis
and ECM formation, the activation of endothelial
cells, keratinocytes, macrophages, and
fibroblasts plays a crucial role. These cell types
are essential for processes such as matrix
synthesis, and the formation of new blood
vessels [12]. Notably, incorporating unorganized
collagen, predominantly the immature type IlI
collagen, into the temporary extracellular matrix,
fibroblasts are essential during this phase,
contributing to the formation and stabilization of
the matrix structure [14]. Enhanced collagen
production and promotion of wound contraction
are facilitated by the differentiation of fibroblasts
into myofibroblasts at the injury site, triggered by
specific cytokine signals [14]. During the first few
days following the injury, fibroblasts migrate
significantly to the wound site [15].

Remodeling

Wound remodeling is a prolonged phase,
potentially lasting for years, during which excess
collagen is degraded, and wound contraction is
initiated. This ultimately promotes increased
tissue strength and the restoration of structural
integrity [9]. Around 30 to 37 days after the injury,
granulation tissue is replaced by scar tissue, with
collagen synthesis continuing throughout this
period. Over the next year, type | fibrillar collagen
gradually becomes the dominant form, replacing
type lll reticular collagen [14].

Diabetic wound

Diabetic wounds represent a significant clinical
challenge, primarily encompassing leg ulcers and

diabetic foot ulcers. Diabetes adversely impacts
the wound-healing process by disrupting each
phase of tissue repair, leading to prolonged
healing times and contributing to detrimental
effects on quality of life, increased morbidity, and
higher mortality rates [16]. In addition, diabetic
wounds are marked by insufficient angiogenesis
and an extended inflammatory response, both of
which significantly impair effective tissue repair
[7]. It is anticipated that between one out of three
and one out of five people diagnosed with DM
will experience a long-lasting, unhealed lesion,
such as a diabetic foot ulcer (DFU), over the
course of their life [17].

Determinants impacting the healing process
in diabetic wounds

The challenges in healing diabetic wounds can
be attributed to several factors, including
elevated blood glucose levels, endotheliopathy,
impaired immune function, neuropathy, and an
increased susceptibility to infection [18].

diabetic

High blood and

endotheliopathy

sugar

Endotheliopathy is defined as an abnormal
vessel wall function, which in chronic diabetes
results in reduced blood flow to distant areas.
Interestingly, it also leads to excessive blood flow
at the arteriolar level within tissues due to the
formation of connections between arteries and
veins, known as arteriovenous anastomoses
(AVAS) [19].

Moreover, endotheliopathy, driven by
hyperglycemia, is strongly linked to the
progression of microangiopathy through several
key mechanisms. These processes include the
build-up of advanced glycation end-products
(AGESs), the activation of protein kinase C (PKC)
pathways, which directly impact vascular health,
and the involvement of the polyol pathway, in
addition to the hexosamine biosynthesis pathway
[20]. Notably, activating PKC enzymes,
predominantly induced by heightened
diacylglycerol (DAG) synthesis or directly by
hyperglycemic conditions, is instrumental in
initiating endothelial dysfunction within micro-
arterioles. This enzymatic activation disrupts
smooth muscle contractility in vessels that
perfuse distal tissues [21]. Furthermore, in
diabetes, there is an elevation in serum levels of
AGEs, which bind to receptors on endothelial
cells, thereby stimulating an overproduction of
ROS [22]. However, in the diabetic wound
microenvironment, AGEs seem to adversely
affect ECM proliferation, extend the inflammatory
phase, and hinder wound contraction [23].
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Figure 1: Phases of wound healing

Lastly, the polyol pathway contributes to
endotheliopathy by depleting cytosolic
Nicotinamide adenine dinucleotide phosphate
hydrogen (NADPH), which is crucial for nitric
oxide synthase (NOS) activity and the
regeneration of glutathione, a key antioxidant.
This depletion reduces nitric oxide (NO)
availability in dysfunctional blood vessels,
impairing normal vascular function [24].

Impairment of immune function

One of the hallmark features of diabetic wound is
the chronic persistence of inflammatory
conditions, impaired angiogenesis, reduced
levels of endothelial progenitor cells, and a
dysregulated balance in ECM remodeling [25].
Inflammation at the wound site prompts the
infiltration of innate immune cells, such as
polymorphonuclear leukocytes and
macrophages. Chemokines, including monocyte
chemotactic protein-1 (MCP-1) and macrophage

inflammatory protein-2 (MIP-2), interact with
these immune cells. This interaction ultimately
triggers the upregulation of inflammatory
mediators, including interleukin-13 (IL-13) and
TNF-a, during the inflammatory phase [26]. One
of the reasons for exacerbating tissue damage in
diabetes is the increased levels of M1
macrophage polarization and the buildup of
CD8+ T-cells. An imbalance between elevated
levels of pro-inflammatory cytokines and
insufficient levels of anti-inflammatory cytokines
is responsible for the exacerbation of tissue
damage [27].

Neuropathy

Neuropathy, which includes sensory, motor, and
autonomic types, impacts the wound healing
process in various ways. Autonomic neuropathy
impairs sweat gland function, leading to dry skin.
This heightens the risk of pruritus and infection,
further  hindering wound healing [22].
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Additionally,  motor  neuropathy  amplifies
pressure on the sole, leading to ischemia and
subsequent tissue necrosis. Furthermore, skin
affected by neuropathy displays a diminished
neuronal density and a significantly reduced
ability to heal [8].

Infection

Patients with diabetes are highly susceptible to
wound infections, as impaired immune function
and compromised blood circulation exacerbate
inflammation and disrupt the wound healing
process [18]. In the presence of bacteria,
elevated levels of pro-inflammatory cytokines are
released, which subsequently delay the wound
healing process. Consequently, the wound
remains in a heightened inflammatory state,
increasing the risk of chronicity and hindering
complete tissue repair [28].

Repurposing antidiabetic drugs for wound
healing applications

Repurposing existing drugs that target one or
multiple key molecular events in the healing
process offers a promising approach to
accelerate therapeutic advancements. Many
antidiabetic drugs, such as metformin and
sitagliptin, exhibit anti-inflammatory properties in
addition to their insulinotropic  effects.
Considering the link between inflammation and
impaired wound healing, it is plausible that these
medications could improve the wound healing
process [29]. Several antidiabetic medications,
including biguanides, such as metformin,
sitagliptin  (a dipeptidyl peptidase-4 (DPP-4)
inhibitor), and dapagliflozin (a sodium-glucose
co-transporter-2 (SGLT2) inhibitor), have been
investigated for their potential to promote wound
healing. Each drug class offers distinct
mechanisms that may contribute to improved
wound repair processes in diabetic patients.

SGLT2 inhibitors

One of the novel antidiabetic agents, SGLT2
inhibitors, lowers glucose through a unique
mechanism by promoting its elimination via urine.
This occurs by targeting the proximal renal
tubules, where the reabsorption of glucose and
sodium is inhibited, ultimately aiding in the
maintenance of optimal blood sugar levels [30].
In 2012, the first SGLT-2 inhibitor, dapagliflozin,
received approval, marking the introduction of a
new class of antidiabetic drugs. Since then,
numerous other SGLT-2 inhibitors have been
developed, including empagliflozin, canagliflozin,
and ertugliflozin, significantly expanding the
therapeutic options for managing type 2 diabetes

[31]. The renal proximal tubule is the primary site
for SGLT proteins, which are responsible for the
reabsorption of glucose. SGLT inhibitors
increase urinary glucose excretion by blocking
this reabsorption process. This process also
raises sodium levels in the distal tubules,
inhibiting  the  renin-angiotensin-aldosterone
system, which helps reduce both preload and
afterload, offering cardioprotective benefits [32].
SGLT2 inhibitors have shown various effects
beyond glucose control, including
immunomodulatory  properties that impact
various immune pathways. However, the precise
mechanisms driving their cardiovascular and
renal benefits remain under investigation, with
ongoing efforts to translate these findings into
targeted clinical use for patients with
inflammatory conditions [33]. Among the SGLT2
inhibitors, dapagliflozin has been explicitly
investigated for its potential role in enhancing
wound healing, distinguishing it within this drug
class for its therapeutic implications in tissue
repair, while case reports have also been
documented for empagliflozin (Table 1).

Dapagliflozin

A study investigated the synergistic impact of
dapagliflozin and zamzam water (ZW) on
diabetic wound healing, focusing on anti-
inflammatory and angiogenic mechanisms. ZW,
a supplement widely consumed by millions of
Muslims globally, is alkaline in nature, and
contains elements such as zinc, and magnesium,
which contribute to the synthesis of antioxidant
enzymes. The study involved forty rats divided
into five groups: non-diabetic control, untreated
diabetic, ZW-treated, dapagliflozin-treated, and
combined treatment. The research measured
wound closure rates, oxidative  stress,
immunohistochemical markers, and histological
changes. Findings indicate that combined
dapagliflozin and ZW treatment significantly
promoted wound healing through enhanced
antioxidant  activity, reduced inflammation,
increased angiogenesis, cellular proliferation,
and improved tissue remodeling. This is a
promising approach to the diabetic wound
management [34].

Moreover, an in vitro study presents an
innovative technique for addressing diabetic
wounds by utilizing nanovesicles (NVs) that
replicate the function of natural exosomes. Using
a specialized extrusion technique, NVs were
generated from endothelial cells derived from
reprogrammed stem cells. Encapsulating
dapagliflozin, the NVs were coated with CXCR4
protein to target and accumulate in endothelial
cells. This targeted delivery promoted
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angiogenesis and accelerated wound healing
through the HIF-1a/VEGFA signaling pathway. In
addition, the in vivo study in the same
experiment supports the finding of the in vitro
study [35]. Another study investigated the effects
and mechanisms  of  dapagliflozin  on
angiogenesis following hindlimb ischemia in rats,
which were divided into three groups: the
dapagliflozin group (femoral artery resection with
dapagliflozin treatment), a positive control group
(femoral artery resection with buffer solution),
and a negative control group (no resection, buffer
solution). Through the stimulation of the PI3K-
Akt-eNOS cascade, dapagliflozin treatment was
observed to augment capillary density and
enhance blood flow [36].

Empagliflozin

Research explicitly examining empagliflozin’s
contribution to wound repair is, to date, minimal,
despite a handful of case reports suggesting its
potential efficacy. A report examines the clinical
history of a 35-year-old woman with glycogen
storage disease type 1lb (GSD-1b) and
inflammatory bowel disease (IBD), who has been
undergoing long-term treatment with granulocyte
colony-stimulating factor (G-CSF) to address
GSD-associated neutropenia since early life.
Following treatment initiation with 20 mg of
empagliflozin daily, her neutrophil count and
function normalized, allowing G-CSF
discontinuation and her long-standing abdominal
wound in the skin showed significant healing
within 12 weeks. The findings indicate that
empagliflozin may represent a safe and effective
treatment for neutropenia and neutrophil
dysfunction in GSD Ib, promoting wound healing
and potentially improving IBD outcomes [37].

Moreover, a retrospective review of empagliflozin
therapy in three pediatric patients diagnosed with
GSD-1b  demonstrated substantial  clinical
improvements, such as the resolution of
recurrent oral mucosal lesions, abdominal pain,
infections, and anemia, as well as enhanced
wound healing in mucosal lesions. Neutrophil
counts increased and stabilized all patients,
enabling the discontinuation of G-CSF therapy;
two patients exhibited gains in body mass index,
and one achieved sustained remission of IBD.
Furthermore, decreased inflammatory markers
underscored the therapy’s effectiveness [38].

Another report highlighted the clinical scenario of
a 30-year-old woman diagnosed with Glucose-6-
phosphatase catalytic subunit 3 (G6PC3)
deficiency, further complicated by severe
congenital neutropenia and a five-year history of

a refractory wound. Empagliflozin therapy was
initiated, leading, within two months, to significant

decreases in inflammation, necrotic tissue
removal, and new skin formation. Continued
treatment produced progressive skin

regeneration, complete clearance of necrotic
areas, and a substantial wound size reduction
from 12.238 cm to 10.535.2 cm over the
subsequent four months. Concurrently, blood cell
counts stabilized, with a significant rise in
neutrophils, underscoring empagliflozin’s
potential in addressing this complex wound [39].

Potential molecular targets of empagliflozin
and dapagliflozin for enhancing the healing of
diabetic wounds

Wound healing is a highly intricate process that
involves multiple cellular, humoral, and molecular
pathways. It is initiated immediately following the
occurrence of a lesion and can continue over an
extended period, potentially lasting several years
[40]. The coordinated release of cytokines and
growth factors serves as the principal regulator of
wound healing, orchestrating the process across
its various stages. Disruptions to this delicate
modulation not only hinder proper healing but
also predispose to the formation of chronic, non-
healing wounds. Various signaling pathways play
indispensable roles in regulating the intricate
process of wound healing, including Nuclear
factor erythroid-2—related factor-2 (Nrf2), protein
kinase B (Akt), Sirtuin-1 (SIRT1), and Signal
transducer and activator of transcription 3
(STAT3) [41].

Nrf2

One of the members of the basic leucine zipper
DNA-binding transcription factor family is Nrf2,
which belongs to the Cap 'n" Collar (CNC)
subgroup conserved in metazoans. Nrf2,
composed of seven functional domains known as
Neh, is a 605-amino acid protein associated with
N2-erythroid-derived Cap 'n' Collar homology
[42]. Within the paradigm of tissue repair, Nrf2 is
a critical transcription factor in wound healing by
detecting the buildup of ROS in injured and
inflamed tissues, subsequently triggering the
activation of the antioxidant defense system to
counteract oxidative damage and promote tissue
repair [43].

Regulation of Nrf2 pathway activation
Nrf2, during typical physiological status, remains
a short-lived protein subjected to continuous

ubiquitination and subsequent degradation via
the proteasomal system.
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Table 1: Research studies and clinical case reports have explored the potential wound-healing effects associated
with dapagliflozin and empagliflozin

Type of
study

Experimental
animal study

Experimental
laboratory
study (in vitro
and in vivo)

Experimental
animal study

(in vivo and in
vitro)

Case report

Case report

Case report

Medication

Oral dapagliflozin was
administered at a dosage of 1
mg/kg. Dapagliflozin was
prepared by dilution in 0.5 ml
saline and given daily
throughout the experimental
period.

The dapagliflozin-loaded
nanovesicles derived from
induced pluripotent stem cell-
derived endothelial cells with
a dapagliflozin concentration
of 0.04 mg/mL were subjected
to comparative analysis
alongside empagliflozin and
canagliflozin. Under
conditions of elevated glucose
levels, their respective
impacts on endothelial cell
functionality were thoroughly
assessed.

Oral dapagliflozin (1 mg/kg/d),
for 21 days

Oral empagliflozin
(20 mg per day)

Oral empagliflozin

Each patient received
empagliflozin at a dose
adjusted according to their
age:

0.38 mg/kg/day
0.48 mg/kg/day.
0.57 mg/kg/day.

Empagliflozin treatment
began with 10 mg
administered each day for the
first two months, subsequently
increased to 25 mg per day
and maintained for a duration
of one year.

Number of
subjects and
duration

40 rats.

The duration of
the study was four
weeks

30 rats were
included for 21
days

One female
patient with GSD
and IBD

Three pediatric
patients, each with
a confirmed
diagnosis of GSD,
complicated by
IBD and recurrent
oral lesions.

A 30-year-old
woman with
G6PC3 deficiency
presented with a
chronic, non-
healing wound
persisting for five
years.

Conclusion

The combination of dapagliflozin
and zamzam water significantly
promoted wound healing by
enhancing wound closure,
antioxidant levels, angiogenesis,
cellular proliferation, and
remodeling while reducing
inflammation in diabetic rats.

Dapagliflozin, through the
activation of the HIF-1a/VEGFA
signaling pathway, effectively
promotes angiogenesis, thereby
accelerating the process of wound
healing.

Dapagliflozin administration
increased levels of angiogenic
markers, including p-Akt, p-eNOS,
and VEGFA, both in vivo and in
vitro. The inhibition of PI3K or
eNOS activity disrupted these
processes, indicating that
dapagliflozin facilitates post-
ischemic angiogenesis via this
specific signaling pathway.

Empagliflozin led to the
normalization of both neutrophil
count and function and improved
wound healing of chromic

abdominal wound within 12 weeks.

Empagliflozin treatment led to
symptom resolution and enhanced
wound healing in all patients.

After 2 months of treatment, a
reduction in inflammation,
clearance of necrotic fibrinous
tissue, emergence of new
epidermal growth, and
normalization of white blood cell
and neutrophil counts were
observed.

Ref

(34]

(35]

(36]

(37]

(38]

(39]
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However, through intricate and tightly controlled
regulatory mechanisms, Nrf2 is activated in
response to oxidative or electrophilic stress [42].
The initiation of the Nrf2 signaling pathway
orchestrates anti-inflammatory and antioxidant
responses by regulating critical processes,
including calcium ion homeostasis and
mitochondrial oxidative stress modulation [44].

Calcium (Ca?*) regulation

Oxidative stress and cellular dysfunction begin
with an excessive influx of Ca?* into cells, leading
to mitochondrial Ca?* overload. This overload
can induce apoptosis and activate Ca?*-
dependent degradative enzymes [44]. Heme
oxygenase 1 (HO-1), an antioxidant functioning
to shield vascular endothelial cells from oxidative
stress and cellular damage, is upregulated in
response to its activation. This heightened
expression is facilitated by the stimulation of Nrf2
and the MAPK/ERK pathways, which are
activated following Ca?* influx [45].

The connection between mitochondrial
oxidative stress and the Nrf2 pathway

A major contributor to cellular senescence is the
significant disruption in the balance of
mitochondrial reactive oxygen species (MtROS).
Scholarly investigations have established that the
deacetylase enzyme Sirtuin-3 (SIRT3) plays a
key role in regulating mtROS levels, with its
expression being controlled by mitochondrial

superoxide dismutase 2 (MnSOD) [46].
Enhancing the therapeutic efficacy of
mesenchymal stem cells in facilitating skin

wound healing through improved oxidative stress
regulation could be achieved by targeting Nrf2,
which primarily governs the expression of SIRT3
[44].

Targeting Nrf2 signaling pathway in diabetic
wound healing

In diabetic rats, macrophages exhibit reduced
Nrf2 activity, because of elevated ROS
production and the downregulation of Nrf2-
regulated genes such as NQO1 and HO1. The
dysregulation of Nrf2 signaling is linked to the
heightened release of proinflammatory cytokines,
such as IL-1B, IL-6, and MCP1, which amplifies
inflammation and plays a critical role in impaired
wound healing [47]. In the streptozotocin (STZ)-
induced diabetic mouse model, the absence of
Nrf2 significantly impaired re-epithelialization,
demonstrating that Nrf2 deficiency obstructs
wound healing and angiogenic processes. This
wound impairment is likely due to prolonged
inflammation and reduced critical mediators of

neovascularization [43]. In opposition,
overexpression of Nrf2 enhances angiogenesis,
promoting wound healing by reducing
inflammation via suppression of ROS and
proinflammatory cytokine production (Figure 2)

[44]. The activation of Nrf2 by vascular
endothelial growth factor (VEGF) has been
observed in the BeWo cell line, a human

choriocarcinoma cell line originating from
placental trophoblastic tissue. This process
enhances the expression of crucial antioxidant
enzymes, including thioredoxin, thioredoxin
reductase, and HO-1, bolstering cellular
antioxidant defenses [48]. According to a recent
study, the PI3K/Akt signaling pathway
experiences downregulation as early as six hours
following injury during the initiation of chronic
wound development. This downregulation
impairs the activation of Nrf2-mediated
antioxidant pathways, preventing the effective
scavenging of ROS and leading to subsequent
tissue damage [49]. Activating Nrf2 can enhance
cellular resilience and restore tissue homeostasis
in diabetic wounds, offering potential therapeutic
benefits in mitigating diabetes-related
complications. Remarkably, a previous research
studying the potential renoprotective effect of

empagliflozin on methotrexate-induced
nephrotoxicity showed that therapy with
empagliflozin  significantly improved several
parameters, including enhancement in Nrf2

expression [50].

Moreover, dapagliflozin reduces hypertrophy,
inflammation, and cellular stress by activating the
Akt pathway and modulating key metabolic, and
inflammatory markers, and Nrf2. Its
cardioprotective and anti-inflammatory effects
underscore its potential in treating cardiovascular
and metabolic disorders, including type 2
diabetes [51].

To substantiate the therapeutic potential of
empagliflozin and dapaglifiozin and elucidate
their effects on wound healing, extensive
preclinical and clinical investigations remain
imperative, as a significant research gap
persists. It starts when Nrf2 binds to KEAP1
under normal conditions, but in the presence of
ROS, this interaction weakens, allowing Nrf2 to
accumulate, pair with MAF, and bind to ARE in
DNA.

KEAP1: Kelch-like ECH-associated protein; Nrf2:
The nuclear factor-erythroid 2-related factor 2; IL-
1B: interleukin 183; IL-6: interleukin 6; ROS:
reactive oxygen species; ARE: antioxidant
response element; MAF: musculoaponeurotic
fibrosarcoma.

Trop J Pharm Res, February 2025; 24(2): 280



Alfawaz et al

Hemostasis
HS SH
KEAP i
NPT
@ Nucleus Cytasal
A
Stress with Stress with
intact Nrf2 impaired Nrf2
signalling signalling
KEAPT T3 -
Target KEAP1 + Dysfunctional
TN ROS wound healing.
Py : : -
MAF ) ARE ) detoxification » Excessive
| Te?sJ genes release of
proinflammatory
Nrf2 cytokines,
including
Cytosol IL-18, IL-6.
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Akt pathway role of the pathway in preserving cellular
homeostasis [54].
Essential to cellular functions such as

metabolism, proliferation, and growth, Akt is one
of the foremost serine/threonine kinases, acting
as a key mediator in these critical processes [52].
Additionally, Akt is a 480-amino acid protein
structurally organized with an N-terminal
pleckstrin homology (PH) domain [53].

Regulation of Akt pathway activation

Angiogenesis, apoptosis, and proliferation are
among the critical cellular functions governed by
various downstream pathways, which are further
influenced by Akt activation mediated through
phosphoinositide  3-kinase  (PI3K). These
pathways play a core function in promoting

growth, maintaining tissue integrity, and
facilitating cellular adaptation to stress or
damage [54]. The mammalian target of

rapamycin (mTOR) and glycogen synthase
kinase 3 (GSK3) are among the critical
downstream proteins modulated by the PI3K/Akt
signaling pathway through activation or inhibition
mechanisms. By regulating essential functions
such as protein synthesis, metabolism, and cell
survival, this modulation underscores the pivotal

By stimulating receptor tyrosine kinases (RTKSs),
various growth factors and signaling complexes,
including epidermal growth factor (EGF),
vascular endothelial growth factor (VEGF), and
insulin, are capable of activating the PI3K/Akt
signaling pathway. This activation triggers
autophosphorylation of the receptors, which in
turn initiates the downstream signaling cascades
essential for cellular processes like proliferation,
survival, and metabolism [55]. Phosphorylation-
mediated inhibition of GSK3 isoforms (GSK3f
and GSK3a) by Akt has critical cellular functions
such as the inflammatory response, cell
migration, proliferation, and apoptosis.
Specifically, inhibition of GSK3p suppresses pro-
apoptotic signaling, thereby enhancing cell
survival and preventing activation of intrinsic
apoptosis pathways, which is crucial for
maintaining cellular integrity and promoting
growth (Figure 3) [56].

Targeting AKT signaling pathway in diabetic
wound healing

Associated metabolic dysfunctions and the
progression of the disease are significantly
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influenced by disruptions in the PI3K/Akt
signaling pathway, which impairs critical cellular
functions. Such impairments have been strongly
correlated with the onset of DM and its related
complications [57]. In the context of wound
healing, the PI3K/Akt signaling pathway reaches
its highest activity during the inflammatory and
proliferative stages of wound healing, and its
suppression has been associated with delayed or
impaired healing processes. Numerous studies
have investigated therapeutic strategies to
stimulate the PI3K/Akt pathway to enhance and
accelerate wound healing, emphasizing its
integral contribution to tissue repair and
regeneration [58].

Notably, in a study investigating the
renoprotective potential effect of empagliflozin in
diabetic nephropathy, empagliflozin showed
improvement in the viability of tubular cells
through the reduction of oxidative stress by
activating the Akt/GSK-3 [59]. To determine the
influence of empagliflozin and dapagliflozin on
wound healing and validate their therapeutic
potential, extensive preclinical and clinical
studies are essential, particularly given the
persisting gaps in existing research.

SIRT1

SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRTS,
and SIRT7 represent the seven identified
members of the human SIRT protein family, with
SIRT1 being the most thoroughly investigated
and comprehensively characterized among them.

Sirtuins, classified as class 1ll  histone
deacetylases, orchestrate a wide array of
physiological processes and pathological

conditions by modulating the deacetylation of
both histone and non-histone substrates. It plays
crucial roles in various diseases and conditions,
including aging, diabetes, apoptosis, oxidative
damage, and inflammation [60].

Regulation of SIRT1 pathway activation

The mitogen-activated protein kinase (MAPK)
pathway, which includes extracellular signal-
regulated kinases (ERKSs), p38 kinases, and c-
Jun N-terminal kinases (JNKs 1, 2, and 3), is
among the pivotal signaling pathways influencing
the regulation and activation of SIRT1 [61].
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Figure 3: Akt signaling pathway. Key: VEGF: vascular endothelial growth factor; PI3K: phosphoinositide 3-
kinases; PIP2: phosphatidylinositol 4,5-bisphosphate; PIP3: phosphatidylinositol (3,4,5)-trisphosphate; GSK3p:
glycogen synthase kinase 3; Akt: protein kinase B; mTOR: mammalian target of rapamycin
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By regulating downstream targets, the MAPK
signaling pathway may play a significant role in
contributing to the activation of SIRT1. SIRT1
may regulate the MAPK-AP-1 pathway, reducing
the phosphorylation of key kinases such as JNK,
p38, and ERK, while inhibiting the transcription
factor AP-1, thereby enhancing its anti-
inflammatory effects and promoting wound
healing [62].

Targeting SIRT1 signaling pathway in diabetic
wound healing

Deficiency of SIRT1 in the epidermis disrupts the
recruitment of immune cells and the activation of
fibroblasts, impairing the regeneration of both the
epidermal layer and dermal stroma, which
underscores its critical role in wound healing.
Additionally, its deficiency disrupts angiogenesis
within the granulation tissue, further inhibiting
wound healing [63]. Moreover, hypertrophic
scars are hypothesized to be significantly
influenced by SIRT1, which is believed to play a
critical role in their development. In an
experimental wound healing model, the absence
of SIRT1 resulted in greater structural disarray
within the skin, marked by the accumulation of
densely packed collagen fibers.

Conversely, treatment with resveratrol, a known
SIRT1 activator, enhances tissue organization
and collagen alignment, indicating that SIRT1 is
essential for preserving proper tissue structure
during healing [64]. Scholarly findings validate
the potential of sirtuins as therapeutic targets in
wound healing, mainly through a study
examining corylin, a significant flavonoid
extracted from Psoralea corylifolia L. The
acceleration of full-thickness skin wound healing,
enhancement of collagen deposition, and
reduction of inflammatory responses were
demonstrated in a mouse model, as indicated by
the findings on corylin's efficacy. Mechanistic
investigations revealed that corylin activates the
PI3K/Akt signaling pathway, which enhances
fibroblast proliferation and migration and
facilitates wound closure. The study also
demonstrated that corylin stimulates SIRT1
signaling, further underscoring its beneficial role
in wound healing [65].

Furthermore, the activation of the Nuclear
Factor-kappa B (NF-kB) pathway and the
promotion of inflammation were associated with
SIRT1 deficiency in macrophages, which
exacerbated oxidative stress, increased NADPH
oxidase 2 (NOX2) levels, and suppressed the
Nrf2 pathway in animal and LPS-induced
inflammatory cell models. This sequence of
processes culminates in the development of

excessive scarring. Therefore, one of the
potential therapeutic strategies to mitigate
inflammation and minimize scarring during
wound healing is by enhancing SIRT1
expression in macrophages [66].

Moreover, empagliflozin, through the activation of
large-conductance calcium-activated potassium
(BK) channels, leads to dose-dependent
vasodilation in coronary arteries, a mechanism
mediated by the SIRT1-Nrf2 signaling pathway
[67].

In addition, dapagliflozin improves endothelial
function by stimulating SIRT1, which facilitates
the deacetylation of endothelial NOS (eNOS),
thereby restoring its activity and enhancing nitric
oxide (NO) production. This process reduces the
generation of ROS and helps alleviate
endothelial dysfunction caused by oxidative
stress [68]. Further confirmation of these effects
requires additional research, despite these
findings supporting the molecular targets of
empagliflozin and dapagliflozin in enhancing
wound healing.

STAT3

In processes such as cancer, wound healing,
angiogenesis, immune responses, and
neurodevelopment, one of the most pivotal signal
transducers and transcription factors is STATS3,
which is integral to regulating these diverse
biological functions [69]. Through the regulation
of critical profibrotic pathways, STAT3 facilitates
fibrosis development and is activated by a range
of cytokines and growth factors, such as IL-6 and
TGF-B1 [70].

Regulation of STAT3 pathway activation

Phosphorylated STAT3 translocates to the
nucleus upon activation by various stimuli, where
it associates with the promoter regions of target
genes and initiates transcription, while in resting
cells, it remains as an inactive monomer in the
cytoplasm [71]. Although several tyrosine
kinases have been identified as intracellular
activators of STAT3, the phosphorylation of
STAT3 at tyrosine 705 is primarily governed by
Janus-activated kinases (JAKs), with JAK1
serving as a critical regulator of this process [71].
The activation of STAT3 is initiated by the
phosphorylation critical key tyrosine residue (Tyr
705), which promotes STAT3 dimerization
through mutual interactions between the
phosphotyrosine and SH2 domains[72]. In
addition, phosphorylation at serine 727 is another
mechanism of STAT3 activation, and PKC,
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MAPK, and CDK5 predominantly control this
process [72].

Targeting STAT3 signaling pathway in
diabetic wound healing

In the wound healing process, STAT3 activation
is essential for facilitating epithelial cell migration
and proliferation, as well as for creating the
necessary inflammatory environment.
Nevertheless, overstimulation of STAT3 can

intensify scar development by driving an
excessive inflammatory and cellular growth
response [73]. Through direct or indirect

mechanisms, STAT3 stimulates the production of
growth factors such as VEGF and fibroblast
growth factor (FGF), while triggering processes
that collectively facilitate wound healing.
Following skin injury, STAT3 is rapidly activated
in the surrounding tissue. At the wound site, this
activation stimulates angiogenesis, supports
epithelial cell survival and proliferation, and
accelerates the migration of keratinocytes and
fibroblasts, thereby aiding in wound closure [73].
By upregulating downstream inflammatory
factors such as MCP-1 and IL-6, STAT3
facilitates the recruitment of inflammatory cells,
including monocytes and macrophages, to the
wound site [74].

Additionally, through the activation of the
Chitinase-3-like protein 1/MAPK (CHI3L1/MAPK)
axis, the upregulation of STAT3 enhances wound
healing by driving fibroblast proliferation and
migration. These findings offer new potential
drug targets for treating diabetic foot ulcer (DFU)
and provide insights into the mechanisms
responsible for delayed wound healing in the
DFU [75].

Remarkably, the stimulation of the JAK2/STAT3
signaling pathway by empagliflozin has been
shown to safeguard against hypoxia-induced
cardiomyocyte injury, with suppression of STAT3
negating these protective effects, suggesting that
the cardioprotective properties of empagliflozin
[76].

Moreover, through the activation of the STAT3
signaling pathway, dapagliflozin enhances the
polarization of macrophages towards an anti-
inflammatory (M2) state, reducing inflammation
in viral myocarditis. This shift mitigates cardiac
damage and improves heart function [77].

The effects of empagliflozin and dapagliflozin on
wound healing require further investigation, as
significant research gaps persist. Comprehensive
preclinical and clinical studies are imperative to

elucidate their impact and validate their

therapeutic potential.
CONCLUDING REMARKS

This review of SGLT-2 inhibitors’ potential role in
the promotion of wound healing highlights key
insights regarding the plethora of molecular
pathways that may be targeted for this purpose,
as evidenced by multiple preclinical animal
studies and case reports. Nevertheless, the
pathophysiology  behind  chronic  wounds,
especially in diabetic patients, remains a
complex area in need of further research. As a
result, further preclinical and subsequent clinical
studies to support these promising findings are
required, focusing on delineating more of these
mechanistic pathways and their therapeutic
impact systematically and potentially advancing
strategies to enhance the clinical outcomes of
wound care in practice.

DECLARATIONS
Acknowledgement/Funding

The authors wish to convey their profound
appreciation to the distinguished staff of the
Department of Pharmacology for their intellectual
guidance and constructive feedback, which
significantly enhanced the quality and depth of
this review. Additionally, sincere gratitude is
extended to the Faculty of Medicine and King
Abdulaziz University for providing access to vital
resources and research materials, which were
instrumental in the successful completion of this
work.

Ethical approval
Not required.
Conflict of interest

No conflict of interest is associated with this
work.

Contribution of authors

The authors declare that they are the sole
contributors to this work, and all liabilities
associated with claims related to the content of
this article will be borne by them.
Dalal Rania

Concept and design: Alfawaz,

Magadmi, Ahmed Esmat.

Trop J Pharm Res, February 2025; 24(2): 284



Alfawaz et al

Acquisition, analysis, or interpretation of data:
Dalal Alfawaz, Rania Magadmi, Ahmed Esmat,
Fatmah Alghamdi, Duaa Bakhshwin, Ahmed
Bakhshwin.

Drafting of the manuscript: Dalal Alfawaz, Rania
Magadmi, Ahmed Esmat, Fatmah Alghamdi,
Duaa Bakhshwin, Ahmed Bakhshwin.

Critical review of the manuscript for important
intellectual content: Dalal Alfawaz, Rania
Magadmi, Ahmed Esmat, Fatmah Alghamdi,
Duaa Bakhshwin, Ahmed Bakhshwin.

REFERENCES

1. Swann G. The skin is the body's largest organ. J Vis
Commun Med 2010; 33(4): 148-149.

2. Fernandes A, Rodrigues P, Pintado M, Tavaria F. A
systematic review of natural products for
applications: targeting inflammation, wound healing, and
photo-aging. Phytomedicine 2023; 115: 154824.

3. Masson-Meyers DS, Andrade TA, Caetano GF,
Guimaraes FR, Leite MN, Leite SN, Frade MAC.
Experimental models and methods for cutaneous wound
healing assessment. Int J Exp Pathol 2020; 101(1-2):
21-37.

4. Raziyeva K, Kim Y, Zharkinbekov Z, Kassymbek K, Jimi
S, Saparov A. Immunology of acute and chronic wound
healing. Biomolecules 2021; 11(5): 700.

5. Tottoli EM, Dorati R, Genta I, Chiesa E, Pisani S, Conti B.
Skin wound healing process and new emerging

skin

technologies for skin wound care and regeneration.
Pharmaceutics 2020; 12(8): 735.

6. Ward J, Holden J, Grob M, Soldin M. Management of
wounds in the community: five principles. Br J
Community Nurs 2019; 24(Sup6): S20-S23.

7. Dasari N, Jiang A, Skochdopole A, Chung J, Reece EM,
Vorstenbosch J, Winocour S. Updates in diabetic wound
healing, inflammation, and scarring. In: Seminars in
Plastic Surgery 2021; Thieme Medical Publishers Inc;
35(3): 153-158.

8. Burgess JL, Wyant WA, Abdo Abujamra B, Kirsner RS,
Jozic |. Diabetic wound-healing science. Medicina 2021;
57(10): 1072.

9. Subramaniam T, Fauzi MB, Lokanathan Y, Law JX. The
role of calcium in wound healing. Int J Mol Sci 2021;
22(12): 6486.

10. Comino-Sanz IM, Lépez-Franco MD, Castro B,
Pancorbo-Hidalgo PL. The role of antioxidants on
wound healing: a review of the current evidence. J Clin
Med 2021; 10(16): 3558.

11. Scully D, Sfyri P, Wilkinson HN, Acebes-Huerta A,
Verpoorten S, Mufoz-Turrillas MC, Parnell A, Patel K,
Hardman MJ, Gutierrez L. Optimising platelet
secretomes to  deliver robust tissue-specific
regeneration. J Tissue Eng Regen Med 2020; 14(1): 82—
98.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Wilkinson HN, Hardman MJ. Wound healing: cellular
mechanisms and pathological outcomes. Open Biol
2020; 10(9): 200223.

Rodero MP, Licata F, Poupel L, Hamon P, Khosrotehrani
K, Combadiere C, Boissonnas A. In vivo imaging
reveals a pioneer wave of monocyte recruitment into
mouse skin wounds. PLoS One 2014; 9(10): e108212.

Almadani YH, Vorstenbosch J, Davison PG, Murphy AM.
Wound healing: a comprehensive review. In: Seminars
in Plastic Surgery 2021; Thieme Medical Publishers Inc;
35(3): 141-144.

Landén NX, Li D, Stdhle M. Transition from inflammation
to proliferation: a critical step during wound healing. Cell
Mol Life Sci 2016; 73: 3861-3885.

Patel S, Srivastava S, Singh MR, Singh D. Mechanistic
insight into diabetic wounds: pathogenesis, molecular
targets and treatment strategies to pace wound healing.
Biomed Pharmacother 2019; 112: 108615.

Lee SH, Kim SH, Kim KB, Kim HS, Lee YK. Factors
influencing wound healing in diabetic foot patients.
Medicina 2024; 60(5): 723.

Lang X, Li L, Li Y, Feng X. Effect of diabetes on wound
healing: a bibliometrics and visual analysis. J Multidiscip
Healthc 2024; 17: 1275-1289.

Mieczkowski M, Mrozikiewicz-Rakowska B, Kowara M,
Kleibert M, Czupryniak L. The problem of wound healing
in diabetes: from molecular pathways to the design of an
animal model. Int J Mol Sci 2022; 23(14): 7930.

LiY, LiuY, Liu S, Gao M, Wang W, Chen K, Huang L, Liu
Y. Diabetic vascular diseases: molecular mechanisms
and therapeutic strategies. Signal Transduct Target
Ther 2023; 8(1): 152.

Pan D, Xu L, Guo M. The role of protein kinase C in
diabetic microvascular complications. Front Endocrinol
2022; 13: 973058.

Deng L, Du C, Song P, Chen T, Rui S, Armstrong DG,
Deng W. The role of oxidative stress and antioxidants in
diabetic wound healing. Oxid Med Cell Longev 2021;
2021(1): 8852759.

David JA, Rifkin WJ, Rabbani PS, Ceradini DJ. The
Nrf2/Keapl/ARE pathway and oxidative stress as a
therapeutic target in type Il diabetes mellitus. J Diabetes
Res 2017; 2017(1): 4826724.

Brownlee M. Biochemistry and molecular cell biology of
diabetic complications. Nature 2001; 414(6865): 813—
820.

Spampinato SF, Caruso Gl, De Pasquale R, Sortino MA,
Merlo S. The treatment of impaired wound healing in
diabetes: looking among old drugs. Pharmaceuticals
2020; 13(4): 60.

Geng K, Ma X, Jiang Z, Huang W, Gao C, Pu Y, Luo L,
Xu'Y, Xu Y. Innate immunity in diabetic wound healing:
focus on the mastermind hidden in chronic inflammation.
Front Pharmacol 2021; 12: 653940.

Seraphim PM, Leal EC, Moura J, Gongalves P,
Gongalves JP, Carvalho E. Lack of lymphocytes impairs
macrophage polarization and angiogenesis in diabetic
wound healing. Life Sci 2020; 254: 117813.

Trop J Pharm Res, February 2025; 24(2): 285



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Alfawaz et al

Guo SA, DiPietro LA. Factors affecting wound healing. J
Dent Res 2010; 89(3): 219-229.

Salazar JJ, Ennis WJ, Koh TJ. Diabetes medications:
impact on inflammation and wound healing. J Diabetes
Complications 2016; 30(4): 746—752.

Werkman NC, Driessen JH, Stehouwer CD, Vestergaard
P, Schaper NC, van den Bergh JP, Nielen JT. The use
of sodium-glucose co-transporter-2  inhibitors or
glucagon-like peptide-1 receptor agonists
sulfonylureas and the risk of lower limb amputations: a
nation-wide cohort study. Cardiovasc Diabetol 2023;
22(1): 160.

Xie L, Xiao Y, Tai S, Yang H, Zhou S, Zhou Z. Emerging
roles of sodium glucose cotransporter 2 (SGLT-2)
inhibitors in diabetic cardiovascular diseases: focusing
on immunity, inflammation and metabolism. Front
Pharmacol 2022; 13: 836849.

Padda IS, Mahtani AU, Parmar M. Sodium-glucose
transport protein 2 (SGLT2) inhibitors. In: StatPearls
[Internet]. Treasure Island (FL): StatPearls Publishing;
2023.

Lee SA, Riella LV. Narrative review of immunomodulatory
and anti-inflammatory effects of sodium-glucose
cotransporter 2 inhibitors: unveiling novel therapeutic
frontiers. Kidney Int Rep 2024; 9(6): 1601-1613.

Taha M, Elazab ST, Qutub A, Abdelbagi O, Baokbah TA,
Ahmed GS, Zaghloul RA, Albarakati AJA, Qusty NF,
Babateen O. Novel insights about synergistic effect of
Zamzam water with SGL2 inhibitors on wound healing in
STZ-induced diabetic rats: the role of anti-inflammatory
and proangiogenic effects. J Investig Surg 2023; 36(1):
2266736.

Zhang W, Wang L, Guo H, Chen L, Huang X.
Dapagliflozin-loaded exosome mimetics facilitate
diabetic  wound healing by HIF-7a-mediated
enhancement of angiogenesis. Adv Healthc Mater 2023;
12(7): 2202751.

Han L, Ye G, Su W, Zhu Y, Wu W, Hao L, Gao J, Li Z,
Liu F, Duan J. Dapagliflozin improves angiogenesis after
hindlimb ischemia through the PI3K-Akt-eNOS pathway.
Biomolecules 2024; 14(5): 592.

Grunert SC, Elling R, Maag B, Wortmann SB, Derks TG,
Hannibal L, Schumann A, Rosenbaum-Fabian S,
Spiekerkoetter U. Improved inflammatory bowel
disease, wound healing, and normal oxidative burst
under treatment with empagliflozin in glycogen storage
disease type Ib. Orphanet J Rare Dis 2020; 15: 1-8.

Klinc A, Groselj U, Mlinaric M, Homan M, Markelj G,
Mezek Novak A, Sirca Campa A, Sikonja J, Battelino T,
Zerjav Tansek M. Case report: the success of
empagliflozin therapy for glycogen storage disease type
1b. Front Endocrinol 2024; 15: 1365700.

Marois L, Le Gal C, Cros G, Falcone EL, Chapdelaine H.
Refractory wound healing and cytopenias treated with a
sodium-glucose cotransporter-2 inhibitor in a patient
with  glucose-6-phosphatase catalytic  subunit 3
deficiency. JAAD Case Rep 2024; 49: 22-24.

versus

40

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

. Mamun AA, Shao C, Geng P, Wang S, Xiao J. Recent

advances in molecular mechanisms of skin wound
healing and its treatments. Front Immunol 2024; 15:
1395479.

Fernandez-Guarino M, Hernandez-Bule ML, Bacci S.
Cellular and molecular processes in wound healing.
Biomedicines 2023; 11(9): 2526.

Zgorzynska E, Dziedzic B, Walczewska A. An overview
of the Nrf2/ARE pathway and its role in
neurodegenerative diseases. Int J Mol Sci 2021; 22(17):
9592.

Sintar I, Cetinkaya S, Panieri E, Saha S, Buttari B,
Profumo E, Saso L. Regulatory role of Nrf2 signaling
pathway in wound healing process. Molecules 2021;
26(9): 2424.

Liu Y, Yang X, Liu Y, Jiang T, Ren S, Chen J, Xiong H,
Yuan M, Li W, Machens HG. NRF2 signalling pathway:
new insights and progress in the field of wound healing.
J Cell Mol Med 2021; 25(13): 5857-5868.

Jin X, Xu Z, Fan R, Wang C, Ji W, Ma Y, Cai W, Zhang
Y, Yang N, Zou S. HO-1 alleviates cholesterol-induced
oxidative stress through activation of Nrf2/ERK and
inhibition of PIBK/AKT pathways in endothelial cells. Mol
Med Rep 2017; 16(3): 3519-3527.

Jung YH, Lee HJ, Kim JS, Lee SJ, Han HJ. EphB2
signaling-mediated Sirt3 expression reduces MSC
senescence by maintaining mitochondrial ROS
homeostasis. Free Radic Biol Med 2017; 110: 368—380.

Li M, Yu H, Pan H, Zhou X, Ruan Q, Kong D, Chu Z, Li
H, Huang J, Huang X. Nrf2 suppression delays diabetic
wound healing through sustained oxidative stress and
inflammation. Front Pharmacol 2019; 10: 1099.

Kweider N, Fragoulis A, Rosen C, Pecks U, Rath W, Pufe
T, Wruck CJ. Interplay between vascular endothelial
growth factor (VEGF) and nuclear factor erythroid 2-
related factor-2 (Nrf2): implications for preeclampsia. J
Biol Chem 2011; 286(50): 42863-42872.

Basu P, Kim JH, Saeed S, Martins-Green M. Using
systems biology approaches to identify signalling
pathways activated during chronic wound initiation.
Wound Repair Regen 2021; 29(6): 881-898.

Mishriki AA, Khalifa AK, lbrahim DA, Hashem GMAZ,
Rashed LA, Abdelrahman SS, Mahmoud HM.
Empaglifiozin mitigates methotrexate-induced
nephrotoxicity in male albino rats: insights on the
crosstalk of AMPK/Nrf2 signaling pathway. Future J
Pharm Sci 2024; 10(1): 95.

Alsereidi FR, Khashim Z, Marzook H, Al-Rawi AM,
Salomon T, Almansoori MK, Madkour MM, Hamam AM,
Ramadan MM, Peterson QP. Dapagliflozin mitigates
cellular stress and inflammation through PI3K/AKT
pathway modulation in cardiomyocytes, aortic
endothelial cells, and stem cell-derived B cells.
Cardiovasc Diabetol 2024; 23(1): 388.

Truebestein L, Hornegger H, Anrather D, Hartl M,
Fleming KD, Stariha JT, Pardon E, Steyaert J, Burke JE,
Leonard TA. Structure of autoinhibited Aktl reveals

Trop J Pharm Res, February 2025; 24(2): 286



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Alfawaz et al

mechanism of PIP3-mediated activation. Proc Natl Acad
SciU S A 2021; 118(33): €2101496118.

Chu N, Viennet T, Bae H, Salguero A, Boeszoermenyi A,
Arthanari H, Cole PA. The structural determinants of PH
domain-mediated regulation of Akt
segmental labeling. Elife 2020; 9: e59151.

Jere SW, Houreld NN, Abrahamse H. Role of the
PIBK/AKT (mTOR and GSK3p) signalling pathway and
photobiomodulation in diabetic wound healing. Cytokine
Growth Factor Rev 2019; 50: 52-59.

Sun J, Zhao H, Shen C, Li S, Zhang W, Ma J, Li Z, Zhang
M, Yang J. Tideglusib promotes wound healing in aged
skin by activating PI3K/Akt pathway. Stem Cell Res
Ther 2022; 13(1): 269.

Karrasch T, Spaeth T, Allard B, Jobin C. PI3K-dependent
GSK3B (Ser9)-phosphorylation is implicated in the
intestinal epithelial cell wound-healing response. PLoS
One 2011, 6(10): e26340.

Khorami SAH, Movahedi A, Huzwah K, Sokhini A.
PIBK/AKT pathway in modulating glucose homeostasis
and its alteration in diabetes. Ann Med Biomed Sci
2015; 1(2): 46-55.

Bonnici L, Suleiman S, Schembri-Wismayer P, Cassar A.
Targeting signalling pathways in chronic wound healing.
Int J Mol Sci 2023; 25(1): 50.

Mihaljevic V, Zjalic M, Kizivat T, Omanovi¢ Kolari¢ T,
Smolié M, Rodak E, Covié M, Kuna L, Smoli¢ R, Véev A.
Molecular mechanisms linking empagliflozin to renal
protection in the LLC-PK1 model of diabetic
nephropathy. Biomedicines 2022; 10(11): 2983.

Wahedi HM, Chae JK, Subedi L, Kang MC, Cho H, Kim
S, Kim SY. NED416, a novel synthetic Sirtl activator,
promotes cutaneous wound healing via the MAPK/Rho
pathway. Int J Mol Med 2020; 46(1): 149-158.

Liang YJ, Yang WX. Kinesins in MAPK cascade: how
kinesin motors are involved in the MAPK pathway?
Gene 2019; 684: 1-9.

Pignet AL, Schellnegger M, Hecker A, Kohlhauser M,
Kotzbeck P, Kamolz LP. Resveratrol-induced signal
transduction in wound healing. Int J Mol Sci 2021;
22(23): 12614.

Qiang L, Sample A, Liu H, Wu X, He YY. Epidermal
SIRT1 regulates inflammation, cell migration, and
wound healing. Sci Rep 2017; 7(1): 14110.

Gilbert MM, Mathes SC, Mahajan AS, Rohan CA, Travers
JB, Thyagarajan A. The role of sirtuins in dermal
fibroblast function. Front Med 2023; 10: 1021908.

XiuY,SuY,Gaol, Yuan H, Xu S, Liu Y, Qiu Y, Liu Z, Li
Y. Corylin accelerated wound healing through SIRT1
and PI3K/AKT signaling: a candidate remedy for chronic

revealed by

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

non-healing wounds. Front Pharmacol 2023; 14:
1153810.

He T, Bai X, Li Y, Zhang D, Xu Z, Yang X, Hu D, Han J.
Insufficient SIRT1 in macrophages promotes oxidative
stress and inflammation during scarring. J Mol Med
2023; 101(11): 1397-1407.

Kong Q, Qian L-l, Zhang L, Liu H-h, Yang F, Zhang X-I,
Wang C, Zhao X-x, Li K-I, Wang R-x. Empagliflozin
induces vascular relaxation in rat coronary artery due to
activation of BK channels. Diabetes Metab Syndr Obes
2024; 17: 247-257.

Zhou Y, Tai S, Zhang N, Fu L, Wang Y. Dapagliflozin
prevents oxidative stress-induced endothelial
dysfunction via sirtuin 1
Pharmacother 2023; 165: 115213.

Miyauchi K, Ki S, Ukai M, Suzuki Y, Inoue K, Suda W,
Matsui T, Ito Y, Honda K, Koseki H. Essential role of
STAT3 signaling in hair follicle homeostasis. Front
Immunol 2021; 12: 663177.

Li Y, Zhao J, Yin Y, Zhang C, Zhang Z, Zheng Y. The role
of STAT3 signaling pathway activation in
subconjunctival scar formation after glaucoma filtration
surgery. Int J Mol Sci 2023; 24(15): 12210.

Liu H, Du T, Li C, Yang G. STAT3 phosphorylation in
central leptin resistance. Nutr Metab 2021; 18: 1-13.

Rébé C, Végran F, Berger H, Ghiringhelli F. STAT3
activation: a key factor in tumor immunoescape. JAK-
STAT 2013; 2(1): e23010.

Deng F, Yang R, Yang Y, Li X, Hou J, Liu Y, Lu J,
Huangfu S, Meng Y, Wu S. Visible light accelerates skin
wound healing and alleviates scar formation in mice by
adjusting STAT3 signaling. Commun Biol 2024; 7(1):
1266.

Agerholm R, Rizk J, Vifials MT, Bekiaris V. STAT3 but
not STAT4 is critical for ydT17 cell responses and skin
inflammation. EMBO Rep 2019; 20(11): e48647.

Zhang Y, Li T, Wang F, Liao C, Song S, Sun M, Zhang
W. STAT3 contributes to wound healing in diabetic foot
ulcer by targeting the CHI3L1/MAPK axis. J Biol Regul
Homeost Agents 2024; 38(3): 2661-2672.

Zhang F, Cao X, Zhao C, Chen L, Chen X. Empagliflozin
activates JAK2/STAT3 signaling and protects
cardiomyocytes from hypoxia/reoxygenation injury under
high glucose conditions. J Thromb Thrombolysis 2023;
55(1): 116-125.

Yan P, Song X, Tran J, Zhou R, Cao X, Zhao G, Yuan H.
Dapagliflozin alleviates coxsackievirus B3-induced acute

myocarditis by regulating the macrophage

polarization  through STAT3-related pathways.

Inflammation 2022; 45(5): 2078—-2090.

activation.  Biomed

viral

Trop J Pharm Res, February 2025; 24(2): 287



