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Diabetes is a chronic disease with a continuously increasing prevalence worldwide.
Chronic hyperglycaemia results from elevated blood glucose levels due to
disturbed insulin secretion and/or action. Diabetes adversely affects the structure
and function of micro- and macrovasculature, leading to the failure of various
organs and tissues. Diabetes complications affect the kidneys, retina, peripheral
nerves, heart, brain, muscle, and skin. Approximately 30% of diabetic patients have
cutaneous manifestations, which may be the first sign of metabolic derangement.
Skin manifestations strongly associated with diabetes are foot ulcers, diabetic
gangrene, diabetic dermopathy, yellow palms and soles, acanthosis nigricans,
bullosis diabeticorum, diabetic thick skin, scleredema diabeticorum, and necrobiosis
lipoidica. Non-specific symptoms associated with diabetes include acrochordons,
rubeosis faciei diabeticorum, eruptive xanthomas, acquired reactive perforating
collagenosis, keratosis pilaris, pruritus, vitiligo, granuloma annulare, lichen planus,
as well as bacterial and fungal infections. The prompt recognition of skin lesions
can initiate early diagnostic testing and timely treatment, minimising long-term
complications of diabetes. The use of specialised bioactive dressings in the treatment
of diabetic wounds, as well as immunomodulatory and anti-fibrotic therapies in
diabetic dermatoses, is a current treatment trend. This review summarises the
recent knowledge on the pathogenesis and clinical conditions of cutaneous
manifestations related to diabetes mellitus.
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1 Introduction

Diabetes mellitus (DM) is a group of metabolic disorders characterised by chronic
hyperglycaemia. People of any geographic or racial origin can suffer from an elevated blood
glucose level, which results from disturbed insulin secretion and/or insulin action (1). DM is
a significant global public health problem. Analysis of the past three decades reveals that the
prevalence of DM has increased fourfold, especially in developing countries. The global
incident cases of DM are estimated to be 463 million (9.3% refers to adults aged 20-79), and
by 2045, this number is predicted to increase to 700 million (2). The alarming rate of increase
in DM represents the most significant and challenging health problem in the human
population of the present world (3).

According to the World Health Organization (WHO), DM can be divided into two main
types (1). TIDM can develop at any age but is usually considered a childhood disease.
However, new data indicate that up to 42% of T1DM cases occur in patients after 30 years of
age, often being initially misdiagnosed as type 2 (3). T1DM is characterised by the autoimmune
destruction of the insulin-producing pancreatic f-cell islets, which usually leads to absolute
insulin insufficiency. Without enough insulin, glucose levels increase in the bloodstream. As
a result, patients with DM have persistent hyperglycaemia. T2DM is much more prevalent
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and is typically associated with adulthood. It is almost always related
to insulin resistance in peripheral tissue and impaired insulin
secretion due to f-cell failure (3, 4). Chronic hyperglycaemia in DM
contributes to abnormalities in carbohydrate, lipid, and protein
metabolism. These disruptions negatively impact the structure and
function of micro- and macrovascular systems, leading to damage,
dysfunction, and eventual failure of various organs and tissues. If left
untreated, the disease causes several life-threatening medical
complications affecting the eyes, kidneys, and nerves (5). Retinopathy,
nephropathy, and neuropathy are forms of microvascular
complications, while heart attack, hypertension, hyperlipidemia,
strokes, as well as coronary and peripheral vascular disease are
associated with macrovascular complications. These long-term
DM-related complications reduce the quality of life and have a
clinically important impact on an increase in the diabetes-associated
mortality rate (5, 6). The risk of cardiovascular disease doubles in
patients with hyperglycaemia, and about 75% of deaths are due to
coronary vascular disease (7).

The complications of DM affect every organ system, including the
skin. Approximately 30% of diabetic patients have cutaneous
manifestations, which may be the first sign of metabolic derangement
(8,9). Skin manifestations strongly associated with DM are foot ulcers,
diabetic gangrene, diabetic dermopathy, yellow palms and soles,
acanthosis nigricans, bullosis diabeticorum, diabetic thick skin,
scleredema diabeticorum, and necrobiosis lipoidica (8, 10).
Non-specific symptoms associated with DM include acrochordons,
rubeosis faciei diabeticorum, eruptive xanthomas, acquired reactive
perforating collagenosis, keratosis pilaris, pruritus, vitiligo, granuloma
annulare, lichen planus, and bacterial and fungal infections (8, 11, 12).
Prompt recognition of skin lesions is essential, as it enables early
diagnostic testing and timely treatment, minimising long-term
complications of DM (10). The pathogenesis of these cutaneous
manifestations is multifactorial. The underlying causes are
biochemical, vascular, immune, and metabolic changes that occur in
the diabetic state (8, 13, 14). The complexity of the mechanisms
linking all diabetic complications is crucial for understanding a
holistic approach to DM management. The rising costs of healthcare
and challenges in effectively treating diagnosed diabetes make it an
ideal target for preventive measures to reduce future medical
complications (15). This is particularly important in the post-
coronavirus disease-19 (post-COVID-19) era, which has increased the
incidence of new-onset DM (16). There are some dermatological
manifestations of post-COVID-19 syndrome, such as hair loss,
subcutaneous nodules, dermatitis, oedema, pigmentation changes,
pruritus, or blisters (17). Patients with DM may develop and
experience worsening dermatological complications, which may
explain the prevalence of diabetes and dermatitis in the post-COVID
era (18).

Appropriate care for diabetic skin includes preventing, detecting,
Difficult-to-heal wounds and
inflammatory skin conditions pose a significant clinical challenge

and managing skin lesions.
(19). To achieve an overall improvement in skin condition, a
comprehensive and holistic approach is necessary, incorporating
natural products such as lutein, curcumin, resveratrol, or mangiferin
(20). Silver nanoparticles are also a promising agent for the treatment
of diabetic wounds and ulcers (19). This review summarises current
knowledge on the pathogenesis and clinical conditions of cutaneous
manifestations related to DM.
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2 Pathophysiology of DM

Glucose is the main energy source in organisms. It is derived from
the intestinal absorption of food, glycogenolysis (the breakdown of
glycogen, which is a stored form of glucose found in the liver), and
gluconeogenesis (a metabolic pathway that results in the synthesis of
glucose using non-carbohydrate precursors such as lactate, glycerol,
and glucogenic amino acids) (21). In response to disturbed glucose
homeostasis, two major hormones play a crucial role in the
stabilisation of glucose content in the blood—insulin and glucagon
(22). Insulin is responsible for controlling the uptake of glucose from
the blood into most cells of the body, especially the liver, skeletal
muscles, and adipose tissue. The sugar-lowering properties of insulin
result from its ability to inhibit the breakdown of glycogen and the
gluconeogenesis pathway, as well as its ability to induce glucose
transport into fat and muscle cells (23). Therefore, deficits in insulin
production contribute to the pathogenesis of both DM1 and DM2
(24). Insulin is a highly effective hormone produced by f-cells found
in the Langerhans islets of the pancreas. B-cells, in response to high
levels of glucose, secrete insulin into the blood, and when glucose
levels are low, they decrease the production of insulin. Their
neighbouring cells—a-cells—function oppositely. o-cells secrete
glucagon into the blood in response to lower glucose content and
inhibit its secretion when glucose concentration is adequate. Glucagon
increases blood glucose by stimulating the gluconeogenesis pathway
and glycogenolysis (25). Intrapancreatic hormone interactions result
in stable blood glucose levels through precise coordination of glucose
production and glucose uptake (23, 24, 26).

Chronic hyperglycaemia plays a major role in the initiation of
DM. The kidneys are not able to absorb all circulating glucose, and the
excess glucose is excreted out of the body through urine (glycosuria).
The osmotic pressure of the urine increases and inhibits the
reabsorption of water by the kidneys, leading to increased urine
production (polyuria). In this case, diabetics produce a high volume
of glucose-containing urine. Water from body cells is used to fill the
lost blood volume, resulting in dehydration and increased thirst
(polydipsia) (27). As a consequence of persistently high blood glucose
levels, many metabolic disorders occur, such as metabolic ketoacidosis
(DKA) (28). It is a medical emergency resulting from the destruction
of p-cells and absolute insulin deficiency, which causes the liver to
convert triglycerides from fat into ketone bodies. These ketone bodies
enter the circulation mostly as #-hydroxybutyrate and acetoacetate,
making the blood acidic (29, 30). Excessive production of ketone
bodies manifests as nausea, vomiting, abdominal pain, deep breathing
known as Kussmaul breathing, and the smell of acetone on the breath
(31). In severe DKA, there may be a decreased level of consciousness.
DKA is a typical symptom of T1DM due to a complete lack of insulin
production. T1IDM patients become fully dependent on insulin
therapy to survive. In the case of T2DM, these relative amounts of
insulin are usually sufficient to suppress ketogenesis. If DKA occurs
in patients with T2DM, their condition is called ketosis-prone type 2
DM (30).

TIDM is an autoimmune disorder associated with immune-
mediated f-cell destruction. It is characterised by several immune
markers, which are present in 85-90% of individuals with T1DM (32).
These autoantibodies include islet cell autoantibodies (ICAs) to f-cell
cytoplasmic proteins, insulin autoantibodies (IAAs), autoantibodies
to islet-specific zinc transporter isoform 8 (ZnT8), glutamic acid
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decarboxylase autoantibodies (GADAs) such as glutamic acid
decarboxylase 65-kilodalton isoform (GADG65) antibody, and
autoantibodies to the tyrosine phosphatases, such as insulinoma-
associated protein tyrosine phosphatase 2 (IA-2) (29, 32). These
autoantibodies are gaining more clinical and diagnostic value in
adults, with late onset of disease and slow progression of f-cell
destruction, often being misdiagnosed as T2DM. In such cases, the
presence of autoantibodies allows the correct diagnosis of the disorder
as TIDM (29, 32).

Contrary to TIDM, type 2 diabetes is often associated with
various lifestyle factors, such as age, family history of diabetes, poor
diet, lack of exercise, and obesity (29). This form of DM commonly
goes undiagnosed for many years as it progresses gradually and
asymptomatically. In the early stages, the patient does not notice any
classic symptoms of DM. Symptoms such as blurred vision, polyuria,
or polydipsia are associated with advanced stages of the disease (32).
Insulin deficiency and insulin resistance correlate with high levels of
inflammatory cytokines and fatty acids in the plasma, leading to
deficient glucose transport into target cells and increased hepatic
glucose production. Overproduction of glucagon, along with
insufficient insulin secretion to compensate for insulin resistance,
causes high blood glucose values (25, 30). A large percentage of
patients with T2DM are overweight or obese (9). Obesity influences
the development of insulin resistance by releasing more free fatty acids
to the liver, which increases hepatic gluconeogenesis (33). Under
normal circumstances, when glucose levels rise, insulin signals
adipose tissue to suppress the process of fat breakdown and use
glucose sources in energy metabolism. Diabetic and obese patients
exhibit overproduction of tumour necrosis factor @ (TNF-«) and
non-esterified fatty acids, which leads to reduced levels and
dysregulation of insulin-signalling adapters, such as insulin receptor
substrates (IRS) (33). The IRS are a family of proteins that are critical
elements in insulin-signalling pathways (34). Disruption in IRS
metabolism leads to insulin resistance (33, 35). Diabetics demonstrate
an impaired suppression of adipose tissue lipolysis and an inability of
insulin to inhibit hepatic glucose production, leading to chronic
hyperglycaemia (33, 36). Patients with T2DM and accompanying
obesity are at increased risk of developing macrovascular and
microvascular complications (33, 37).

A critical factor in the pathogenesis and progression of DM and
its associated complications is oxidative stress (38, 39). Cellular
damage and dysfunction result from an imbalance between reactive
oxygen species (ROS) production and the antioxidant defence
mechanisms of the body (40). Increased ROS production due to
chronic hyperglycaemia and mitochondrial dysfunction escalates
oxidative stress after activation of metabolic pathways, including
glucose autooxidation, with the enhanced formation of advanced
glycation end products (AGEs), deactivation of the insulin signalling
pathway, activation of the polyol pathway, hexosamine pathway, and
protein kinase C (PKC) (38, 41, 42). This oxidative imbalance impairs
B-cell function and suppresses insulin signalling pathways, driving
insulin resistance (37). Prolonged oxidative stress causes dysregulation
of glucose metabolism and contributes to increased inflammation (43,
44). The literature supports a strong correlation between
hyperglycaemia and the formation and accumulation of AGEs (38, 39,
45). AGEs are heterogeneous particles derived from glycation, a
non-enzymatic, random reaction between the carbonyl group of
glucose and amino acids of proteins (45). The formation of AGEs is a
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complicated long-term molecular process known as the Maillard
reaction (MR) (46). The first stage starts with the formation of
non-stable Schiff’s bases, which subsequently rearrange into stable
ketoamines known as Amadori products. Further chemical
transformation of the Amadori products generates final molecules
known as AGEs, which are responsible for alterations in cell signalling
and functioning throughout the body (1, 45). This is due to specific
receptors for advanced glycation end products (RAGE) found on
many cell surfaces (46). In DM, AGEs’ interaction with RAGEs
initiates various signalling pathways that contribute to the
pathogenesis of many diabetic disorders, including vascular and skin
complications (1, 45). AGE-RAGE interactions initiate inflammatory
signalling pathways, such as nuclear factor kappa B (NF-kB), leading
to the production of pro-inflammatory cytokines. Elevated levels of
inflammatory mediators like TNF-q, IL-8, IL-6, IL-1p, and C-reactive
protein (CRP) contribute to skin inflammation and immune-related
skin disorders (47). Upon activation of RAGE, impaired wound
healing and microbial infections are observed in DM skin (48). AGE
accumulation in the epidermis results in the rearrangement of
keratinocytes. The epidermis becomes thin, making the skin more
susceptible to external damage (47). Additionally, the activation of the
RAGE/NF-kB signalling pathway increases the release of matrix
metalloproteinases (MMPs), especially MMP-1, MMP-2, and MMP-9,
leading to collagen fibre deformation. AGEs form cross-links with
collagen, altering the biomechanical properties of the fibres, making
them stiff and less elastic (49). Some studies also reported macrophage
dysfunction caused by the AGE-RAGE signalling axis (50).
Macrophages are the main immune cells in the dermis involved in
non-specific immune defence. High glucose levels promote the
activation of macrophages, leading to an elevated synthesis of
(51).

hyperglycaemia, AGEs, and a chronic inflammatory state results in

pro-inflammatory cytokines Long-term exposure to

irreversible changes in cells (39, 52, 53).

3 Pathogenesis of diabetic
neuropath%, retinopathy, and
nephropathy

Chronic hyperglycaemia and the accompanying accumulation of
AGEs, oxidative stress, and mitochondrial damage play a major role
in the initiation of diabetic vascular complications, called vasculopathy
(32). This general term refers to both microvascular and macrovascular
complications. Diabetic microangiopathy is characterised by the
proliferation of endothelial cells and the thickening of the basement
membrane of arterioles, capillaries, and venules (6, 38). Neuropathy,
retinopathy, and nephropathy are significant microvascular
complications (5). Target tissues, such as nerves, the retina, and
kidneys, exhibit heightened susceptibility to toxic glucose levels due
to the distribution of glucose transporters (6).

Diabetic peripheral neuropathy (DPN) is a type of nerve damage
connected with the progressive loss of nerve fibres (6). The clinical
manifestation depends on the type of nerve damage. The most
common forms of diabetic neuropathy include peripheral neuropathy;,
autonomic neuropathy, proximal neuropathy, and focal neuropathy
(6). Sensory peripheral neuropathy predominantly affects the hands
and lower limbs, especially the feet (54). Symptoms include tingling,
numbness, burning sensations, weakness, and pain, resulting in loss
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of sensation throughout the body. In autonomic neuropathy, internal
organs that control automatic functions of the body, such as digestion,
blood pressure, and bladder function, are involved. Nerve damage in
blood vessels results in altered blood flow regulation. Diminished
sweating leads to dry skin, cracks, and fissures. Pain in the thighs, hips,
or buttocks refers to proximal neuropathy, while weakness and sudden
pain in the head or torso are connected with focal neuropathy (6, 54).
The loss of nerve fibres begins distally in the lower extremities.
Vascular alterations and the degeneration of distal nerve fibres result
from poor repair processes and endothelial dysfunction (38).
Hyperglycaemia contributes to the development of oxidative stress
and overproduction of AGEs (38, 39, 45). This triggers chemokine and
cytokine production, promoting inflammation and peripheral nerve
fibre damage, which are responsible for conducting motor and sensory
impulses (55). The progressively worsening condition of the lower
motor neuron pathway is known as motor neuropathy. Motor
neuropathy leads to significant disability, with loss of function in the
feet, as well as reductions in muscular strength, mass, and flexibility
(55, 56). In particular, damage has been demonstrated to the myelin
sheath and Schwann cells, which play an important role in the
development, maintenance, and regeneration of peripheral nerves.
Impulse conduction and signalling disorders progress along the
length, more often affecting the longest nerve fibres (56).

Diabetic retinopathy (DR) is an eye complication that causes
damage to blood vessels in the retina and/or macula (6).
Hyperglycaemia and the overproduction of AGEs play a key role in
retinal capillary damage by initiating endothelial damage, capillary
occlusion, aberrant blood vessel proliferation, retinal fluid leakage,
(57-59).
inflammation heightens vascular permeability and contributes to

and the appearance of microaneurysms Chronic
diabetic macular oedema, which is the most common cause of vision
loss in patients with DR among diabetics (6). Persistent ischemia
causes the release of proangiogenic factors like vascular endothelial
growth factor (VEGF) (58). VEGF promotes the abnormal formation
of new blood vessels and can generate serious complications such as
vitreous haemorrhage or tractional retinal detachment (59, 60).
Clinically, DR is divided into two stages: non-proliferative diabetic
retinopathy (NPDR) and proliferative diabetic retinopathy (PDR).
NPDR occurs first and refers to increased vascular permeability and
capillary occlusion in the retinal vasculature (61). These pathologies,
including microaneurysms, haemorrhages, and hard exudates, lead to
the leakage of fluid and blood into the retinal tissue (62, 63). As DR
progresses, symptoms like blurry vision, dark strings or spots in the
field of vision, and gradual loss of vision occur. PDR is a more
advanced stage of retinopathy and is characterised by the abnormal
formation of new blood vessels in the retina. These vessels are weak
and prone to breaking and bleeding into the vitreous, leading to vision
impairment and blindness in an advanced state (6, 62).

Diabetic nephropathy (DN) or diabetic kidney disease (DKD) is
a disorder characterised by persistent albuminuria (excretion of
pathological quantities of urine albumin), diabetic glomerular lesions,
a progressive decline in the glomerular filtration rate, and elevated
arterial blood pressure (6). An injury to the highly specialised cells of
the kidney glomerulus—podocytes—leads to albuminuria and
chronic tubular injury (64). Symptoms include foamy urine,
unexplained proteinuria, fatigue, foot oedema, and hypertension (6).

DPN, DR, and DN share common risk factors. Studies indicate
that young age at onset of DM, followed by longer duration of diabetes,
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gender, elevated body mass index (BMI), dyslipidemia, or smoking
correlate with an increased risk of many microvascular complications
(6, 65-67). Moreover, the presence of neuropathy and nephropathy
contributes to the development of retinopathy as a result of multiple
vascular derangements in the body (8, 38). Therefore, effective
management of these common risk factors is crucial to attenuate or
delay the progression of microvascular disease in DM (6).
Macroangiopathy in patients with DM proceeds in different phases,
from endothelial dysfunction to low vessel wall elasticity and sclerosis
(68). These changes result in cardiovascular system dysregulation with
loss of elasticity of the vascular walls and peripheral circulatory failure
(6, 7, 38). Recent studies indicate a correlation between diabetic
macroangiopathy and diabetic polyneuropathy, emphasising the
importance of metabolic changes and oxidative imbalance in the
development of vascular dysfunction (8).

4 Epidermal, dermal, and adipose
tissue abnormalities of the skin in DM

4.1 Skin structure and function

The skin is the largest human organ, consisting of the epidermis,
dermis, and subcutaneous tissue. This multilayered construction is
closely related to the functions of the skin. The skin serves as a
constant interface between the external and internal environments.
On the one hand, the skin protects the body from harmful external
factors, but on the other hand, it ensures the reception of stimuli from
the outside environment. Harmful agents that constantly interact with
the skin include physical factors (heat, cold, or ultraviolet light (UV)),
chemical factors (harmful acids and detergents), and biological factors
(bacteria, viruses, and pathogenic fungi). The skin also regulates body
temperature and prevents water loss (69, 70).

The most superficial layer of the skin is the epidermis. It consists
of several distinct layers beginning with the innermost stratum basale,
stratum spinosum, stratum granulosum, stratum lucidum, and stratum
corneum (SC). The number of layers and overall thickness of the
epidermis depends on the location in the body (69). Keratinocytes are
the main cells of the epidermis. From the stratum basale, keratinocytes
divide and differentiate to form new cells that move up to the skin
surface to exfoliate. In healthy skin, the keratinocyte proliferation/
differentiation balance ensures constant renewal of the epidermis, and
it lasts 28-30days (71). In SC, keratinocytes are terminally
differentiated, anucleate, flattened, dead cells called corneocytes (72).
Corneocytes, together with intercellular lipids (e.g., ceramide,
cholesterol, and free fatty acids), form an effective outside-inside
barrier, maintaining skin homeostasis and functions (73). Intercellular
lipids in SC are end products delivered from the lamellar bodies of the
epidermis—Ilipid granules in the granular layer. These structures are
enriched in polar lipids, phospholipids, glycosphingolipids, free sterols,
and catabolic enzymes, which are modified, rearranged, and hydrolysed
to non-polar products that seal the junctions between keratinocytes
(72).
phospholipids are converted into free fatty acids (72, 74). In the

Glycosphingolipids are modified to ceramides while
meantime, keratohyalin granules—another structure in the stratum
granulosum—begin to form keratins to fill the keratinocyte structure
(74). During the terminal differentiation of epidermal cells, a highly

phosphorylated protein in keratohyalin granules, called profilaggrin, is
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broken down into multiple filaggrin monomers (73). Further reactions
lead to monomer degradation and the generation of a complex mixture
of hygroscopic free amino acids, amino acid derivatives, and salts,
which are components of the natural moisturising factor (NMF) (73).
NMEF constituents include serine, glycine, alanine, histidine, ornithine,
citrulline, and arginine, as well as sodium pyrrolidone carboxylic acid
(PCA), lactic acid, urea, and inorganic ions, such as potassium, sodium,
magnesium, and calcium. These components are responsible for
maintaining the water content of the SC by attracting and binding
water molecules (73, 75). Released free amino acids into the cytoplasm
initiate the aggregation of keratin filaments into tight bundles, stuck
together by cross-linked molecules of other proteins, including loricrin
and involucrin (73). The enzyme catalysing this process is
transglutaminase 1, and the final products are corneal plates in the
most superficial layer of the epidermis—flat, closely arranged
corneocytes filled with keratin filaments (75). SC, intercellular lipids,
and NMF constituents perform a physical and biochemical skin barrier.

The dermis is the second layer of the skin, connected to the
epidermis by the basement membrane. The dermal-epidermal
junction (DEJ) has a wavelike, undulating structure that is co-formed
by epidermal protrusions down into the dermis and dermal elevations
up into the epidermis (dermal papillae) (76, 77). That wavelike
structure plays multiple roles in skin homeostasis and function, such
as preventing delamination and ensuring the diffusion of nutrients
from the dermis to the epidermis (76, 77). The dermis consists of
fibroblasts (the main cells of the dermal connective tissue), collagen
and elastin fibres, and ground substance, which is made of
glycosaminoglycans (GAGs), with the most numerous being
hyaluronic acid (76). Ground substances and fibre are components of
the extracellular matrix (ECM) of the skin. The ECM maintains the
correct hydration and structure of the connective tissue (77). The
dermis is made up of two loose connective tissue layers: papillary and
reticular. The papillary dermis is the upper portion beneath the
epidermis, consisting of a small amount of collagen and a little fibre,
but a large number of GAGs. The deeper reticular layer contains thick
collagen and elastin fibres and creates an organised, compressed
network, providing the proper strength and stiffness of the tissue. The
dermis houses the hair, hair follicles, sweat glands, muscles, blood
vessels, and sensory neurons (78).

The hypodermis, also known as subcutaneous tissue, is the
innermost layer of the skin. It provides mechanical protection and
thermal insulation, and it serves as the primary storage site for high-
energy compounds. The hypodermis is composed of adipocytes—fat
cells surrounded by connective tissue (77).

Sooner or later, patients with both types of DM present some
cutaneous complications. As many as 70% of diabetes patients
worldwide will develop cutaneous symptoms (79). A skin disease
involves any medical condition that irritates or damages the human
skin, hair, nails, and related glands and muscles. The dermatological
manifestations of DM, attributed to hyperglycaemia, can have health
consequences ranging from aesthetic concerns to life-threatening
conditions (5, 11).

4.2 Epidermal barrier abnormalities in DM

Mechanisms underlying the altered epidermal permeability
barrier function in DM are not clear and reveal conflicting findings.
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Some clinical studies demonstrate decreased SC hydration and
transepidermal water loss (TEWL) in diabetic individuals, associated
with a lack of glycaemic control and older patient age (79-81). These
findings are confirmed by murine models, which indicate reduced
levels of hyaluronic acid, decreased intercellular lipid synthesis, and
lamellar body number as the main reasons for reduced skin hydration
in association with increased blood AGEs (82). However, other clinical
studies have not shown differences in SC hydration and TEWL in
age- and gender-matched diabetic patients (79, 83). These
contradictory results may stem from the presence of confounding
factors, such as age and obesity, in the studied populations (79).

Several potential processes have been identified that contribute to
the altered permeability barrier function in DM (72, 83, 84). These
include reduced VEGE, antimicrobial peptides, and differentiation-
related proteins, as well as increased skin surface pH and fatty acid
content, with reduced overall epidermal lipid synthesis and
psychological stress (84-86). Studies performed on keratinocyte
cultures demonstrate that high glucose levels reduce the expression of
VEGF and skin-derived antimicrobial peptides, such as f-defensin
and cathelicidin (84, 87-89). These factors contribute to epidermal
barrier homeostasis by regulating inflammatory responses, cytokine/
chemokine secretion, cell migration, and proliferation. Disruption of
these natural factors in DM leads to increased skin surface pH,
reduced epidermal lipid production, as well as impaired keratinocyte
differentiation and proliferation, ultimately resulting in delayed
restoration of the permeability barrier (72, 84, 90). Recent studies
show a significantly higher skin surface pH in mice and humans with
T2DM, which may result from low sebum content in diabetic
individuals (80, 84). Mouse models of T2DM have shown a reduction
in overall epidermal lipid synthesis, with a concomitant increase in the
content of short- and medium-chain fatty acids. Both conditions result
in reduced permeability barrier function, and increased fatty acid
content in the epidermis may further result in delayed restoration of
the permeability barrier in diabetic patients (84, 91, 92). This may
be due to reduced expression of loricrin and filaggrin in diabetic skin
(73). Filaggrin is a granular and cornified layer protein, while loricrin
is limited to the cornified layer of the epidermis (93). In vitro studies
showed that high glucose levels inhibited the expression of loricrin
and transglutaminase 1, which participates in the cross-linking and
immobilisation of proteins in keratinocytes (84, 94). Therefore,
reduced levels of differentiation-related proteins lead to delayed
permeability barrier recovery (84, 95). Reduced expression of loricrin
contributes to the overall fragility of the epidermis, increases the risk
of infection, and delays wound healing. Transglutaminase alterations
are also associated with wound healing disorders and inflammatory
processes (84, 93). Finally, there is some evidence that psychological
stress may contribute to decreased levels of antimicrobial peptide
expression and epidermal lipid synthesis, which also adversely affect
the epidermal barrier (84-86).

Several endogenous factors and different metabolic changes can
contribute to reduced SC hydration levels in DM (83). First, in patients
with DM compared to healthy controls, the content of skin surface
lipids, which are supplied by sebum from sebaceous glands, is
significantly lower (72, 83). Sebum is primarily composed of
diglycerides, triglycerides, wax esters, squalene, cholesterol, and free
fatty acids, and their reduced levels contribute to diminished skin
hydration (96). Second, the content of SC intercellular lipids also
decreases in diabetic individuals (83, 84). The level of ceramides,
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which are one of the major natural skin moisturisers, is reduced by
over 60% in DM (84). Third, high concentrations of glucose inhibit
keratinocyte proliferation and differentiation, as well as protein
synthesis, which leads to disturbances in the production of cornified
cells and NMF components (97). Finally, in the plasma of the diabetic
murine model, hyaluronic acid levels are 25-70% lower compared to
the control group. The possible reason is increased hyaluronidase
activity in patients with DM, resulting in SC dehydration (84).

Epidermal barrier abnormalities in DM can provoke and
exacerbate cutaneous inflammation (98). Reduced hydration of the SC
in people with DM is a result of a disrupted skin barrier and leads to
high levels of histamine and cytokines, as well as increased mast cell
density, which are signs of skin inflammation (84). Patients with DM
experience chronic itching, which may be exacerbated by high
cytokine levels (99). Pruritus-caused scratching leads to further
stratum corneum damage and disruption of the skin permeability
barrier (83). In normal skin, the disrupted skin barrier is rapidly
repaired, but in DM, recovery forces are delayed (79, 84).

4.3 Epidermal abnormalities in DM

In normal skin conditions, damage to the epidermal barrier
causes the activation of keratinocytes and promotes the
reepithelialisation process (100). During skin repair, keratinocytes
undergo proliferation and migration, which is supported by reduced
cell adhesion and proteolysis of ECM proteins by MMPs (79). Relative
insulin deficiency in T2DM affects poor keratinocyte proliferation,
differentiation and migration, resulting in impaired epidermal barrier
function and contributing to the impairment of wound healing (100,
101). Excessive ROS in a high-glucose environment leads to increased
activity of MMPs, especially matrix metalloproteinase-1 (MMP-1),
matrix metalloproteinase-2 (MMP-2), and matrix metalloproteinase-9
(MMP-9) (102-104). MMPs play a critical role in suppressing
keratinocyte migration, delaying wound healing (48). Under oxidative
imbalance, inflammatory cells produce MMP-9, which selectively
degrades the growth factors and other molecules that assist the healing
process and modulate the expression of keratinocyte differentiation
and migration (102-104). In keratinocytes, excess glucose levels
escalate mitochondrial ROS overproduction, leading to mitochondrial
oxidative damage (43, 105). Disturbance of mitochondrial membrane
potential drives mtDNA fragmentation. Fragmented mtDNA alters
signalling pathways, ultimately promoting an inflammatory response
and keratinocyte apoptosis, which may delay diabetic wound healing
(43, 106, 107). ROS such as nitric oxide have been found to have a
strong regulatory effect on keratinocyte proliferation and
differentiation (79, 100).

A recent study conducted on the skin of non-obese Sprague
Dawley rats has provided insight into the multiscale characteristics of
the skin of healthy and T2DM rats (108). Dwivedi et al. (108) report
baseline data on the effects of T2DM on the physiological, structural,
and mechanical properties of the skin. The physiologic stress—strain
state (in vivo strain) was investigated, as well as the structural and
mechanical response of the skin. Comparing healthy and diabetic
animals, T2DM skin was found to be more susceptible to changes in
mechanical response in terms of stiffness, transient stretch, anisotropy,
and in vivo strain stress state (108). Mechanical anisotropy and in vivo
strain were measured using a digital imaging correlation (DIC)
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technique and a DIC-coupled bulge experiment. Histology and
fluorescence microscopy were used to evaluate the microstructure of
collagen and elastin fibres, creating a constitutive model that
considered the role of elastin fibres and the in-plane and out-of-plane
distribution of collagen fibres. The obtained model was used to
measure the state of in vivo stresses of healthy skin and skin with
T2DM over the 360° planar directions (108). Morphological analysis
at the epidermal layer level showed that, compared to healthy skin,
epidermal thickness was significantly lower in T2DM skin. This makes
the skin more susceptible to environmental aggression and trauma
caused by mechanical stress. Furthermore, the wavy structure of the
DE] represented by dermal papillae almost disappeared in T2DM
skin, leading to a reduction in DEJ length. The weakening of the
attachment between the epidermis and dermis in T2DM leads to
impaired skin sensation and nutrient delivery to the epidermis (108).

4.4 Dermal abnormalities in DM

Fibroblasts play a key role in the processes of ECM deposition and
remodelling. On the one hand, they are synthetic cells that deposit a
collagen-rich matrix, and on the other hand, fibroblasts are signalling
cells that secrete growth factors to ensure cell-cell communication in
the repair process (78). Fibroblasts incubated in a hyperglycaemic
environment demonstrate a senescent phenotype and accelerated
apoptosis (79). Any impairments in fibroblast function prevent
normal ECM remodelling (79). Moreover, in DM, ECM proteins are
subject to glycation-induced modification, resulting in the formation
of AGEs (79, 109). Disturbed ECM remodelling is a typical symptom
of wound healing failure and ulceration in patients with DM. During
normal wound healing and ECM remodelling, damaged fibrils are
degraded by ECM enzymes such as MMPs and replaced with newly
synthesised and modified fibrils to regenerate the network (102, 109).
The MMP family contains 23 members (110). ADAM and ADAMTS
are two large metalloproteinase families involved in numerous cellular
processes, including cell adhesion and migration, ectodomain
shedding, and proteolysis. Collagen homeostasis is regulated by the
MMPs and tissue inhibitors of metalloproteinases (TIMPs) (111). The
balance between degradation and synthesis, which is maintained in
the normal process, is disturbed in patients with DM (79). In defective
wound healing, the production of more degraded, insoluble fibres
predominates. It is accompanied by chronic inflammation and a
highly proteolytic environment as a result of elevated levels of MMP-1,
MMP-2, MMP-8, and MMP-9 (102, 112). TIMPs are natural regulators
of the activity of MMPs (113). TIMPs selectively inhibit different
MMPs as well as members of the disintegrin and metalloproteinase
family with thrombospondin motifs (ADAMTS) (110, 114). The
TIMP family consists of four members, from TIMP-1 to TIMP-4, each
with subtly different protease inhibition profiles. TIMP-1, —2, and —4
are soluble inhibitors, while TIMP-3 is bound to ECM (110). The
positioning of TIMP-3 in the matrix results from its interaction with
sulfated proteoglycans of ECM, such as heparan sulfate (115). TIMP-1
strongly inhibits the activity of most MMPs; however, it is more
limited in its inhibitory range than the other three TIMPs (110, 114).
TIMP-1 binds particularly strongly to MMP-9 but has weak inhibitory
properties against MMP-2, MMP-14, MMP-16, MMP-18, MMP-19,
membrane type 1-matrix metalloproteinase (MT1-MMP), membrane
type 2-matrix metalloproteinase (MT2-MMP), membrane type
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3-matrix metalloproteinase (MT3-MMP), and membrane type
5-matrix metalloproteinase (MT5-MMP) (110, 116). TIMP-2 is the
most abundant TIMP family member. TIMP-2 has been shown to
interact with MMP-2 and MMP-14 (117). TIMP-3 has the widest
inhibitory spectrum against MMPs, ADAM, and ADAMTS. TIMP-3
can suppress all MMPs, ADAMs (—10, —12, —17, —28, —33), and
ADAMTS (-1, =2, —4, =5) (115). The MMP/TIMP imbalance in DM
leads to ECM degradation and poor wound healing (102, 112). To
confirm this assumption, a punch biopsy of wound tissue from
chronic DM skin ulceration was performed. The results show
increased expression of MMP-1, —2, —8, and —9, and decreased levels
of TIMP-2 (111, 112). Pro-inflammatory cytokines, such as TNF-a,
interleukin-1 (IL-1), and interleukin-6 (IL-6), may indirectly increase
the production of MMPs (102). Continuous secretion of
pro-inflammatory and fibrotic factors by tissues and cells under
hyperglycemic conditions may be associated with the MMP/TIMP
imbalance in diabetes (111). Increased levels of MMPs and
accumulation of AGEs contribute to the degradation of collagen (109).

The MMP/TIMP balance in poor diabetic wound healing has
been widely reported in the literature (111, 112). However, there are
few reports on whether the MMP/TIMP ratio is imbalanced in early,
intact diabetic skin, which could contribute to early intervention,
clinical prevention, and treatment of skin lesions. Recent studies have
provided knowledge that dermal collagen deposition disorders occur
in diabetic non-injured skin (111). The skin of some DM patients
before evident skin injury was stained with Masson’s trichrome.
Results showed that dermal collagen was disordered and arranged in
vague fascicles, and its density was variable. Collagen staining
quantification and Western blot results show that the expression of
collagen in DM skin was decreased. RNA sequencing performed on
human dermal fibroblasts (HDF) under high glucose levels showed
that the expression of COLIAI and COL1A2 genes, which encode two
alpha chains of type I collagen, was reduced (111). Additionally, the
protein levels of collagen I in HDF cultures showed a decrease. This
suggests that HDFs play an important role in collagen secretion in the
skin of DM patients and that the collagen deposition disorder can be a
result of decreased synthesis of new collagen or increased collagen
breakdown. Moreover, an RNA-seq and qPCR analysis of the balance
of MMP-2/TIMP-2 and MMP-9/TIMP-1, which can regulate collagen
synthesis and decomposition, was disrupted in high glucose-treated
HDFs, contributing to the skin collagen disorder in early, non-injured
diabetic patients (111). The study also showed that after inhibition of
MMP2 and MMP?9 activity in mice with DM, the collagen deposition
disorder was alleviated (111).

Dwivedi et al. (108) performed structural characterisation of the
dermis in a non-obese T2DM rat model. The analysis shows a
significant reduction in the areal density of collagen fibre in T2DM
skin. In skin with T2DM, collagen fibres were fragmented and sparse;
they also lost their arrangement and characteristics (d-periodicity),
which results from a significant loss in relative protein content. In
comparison, collagen fibrils in healthy skin are smooth, organised,
and closely packed (118). An increase in average blood glucose levels
affects the loss of collagen content due to an increase in MMP-1 and
MMP-2 levels (108). The elevation of MMPs increases the breakdown
and fragmentation of collagen, making the skin more prone to tears.
In individuals with T2DM, collagen fibres in the skin lose their normal
arrangement (e.g., dispersion and mean angle of orientation) and are
aligned in only one direction, which can alter the orientation of the
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skin’s tension lines (44). This disruption contributes to impaired
wound healing, making the skin susceptible to mechanically induced
injuries, such as pressure ulcers. Elastin fibres in the T2DM skin
model were also fragmented, which may impair the elasticity and
regeneration of skin tissue (108).

4.5 Subcutaneous adipose tissue
abnormalities in DM

Patients with DM demonstrate signs of adipose tissue dysfunction
within subcutaneous fat. These include enlarged adipocytes, increased
inflammatory cytokines such as TNF-a, increased lipolysis, and
reduced adipogenesis (79, 119, 120). There is evidence suggesting that
adipose tissue dysfunction may precede the onset of DM, as shown in
studies conducted on healthy individuals genetically predisposed to
the disease (79, 119, 120). These studies demonstrated adipocyte
atrophy and impaired differentiation, as well as increased
inflammatory markers, such as IL1-f, IL-10, TNF-q, and early signs
of adipose tissue remodelling and fibrosis (79, 121, 122). Adipose
tissue is involved in cutaneous wound healing, which requires
communication between adipocytes and macrophages—cells of the
innate immune system. Adipocytes at the periphery of skin lesions
promote the release of saturated and monounsaturated fatty acids to
the wound surface. The presence of fatty acids ensures the activation
of pro-inflammatory macrophages, accelerating vascular regeneration
and skin wound healing processes (79, 123). It is also important to
note that adipocyte-derived cells at the edge of the wound can
differentiate into myofibroblasts (124). Myofibroblasts are primarily
responsible for the production and maintenance of the ECM
components during the proliferative phase of wound healing (79, 124,
125) (see Figure 1).

5 Diabetic angiopathy and neuropathy
associated with BM

5.1 Diabetic foot ulcer (DFU)

DFU, including pressure ulcers and foot ulcers, are the most
common complications in diabetic patients (11, 126-128). The WHO
defined DFU as a set of symptoms that includes peripheral neuropathy,
ischaemia from peripheral vascular disease, as well as infection of soft
tissue and bone, manifesting as lower extremity ulceration and/or
destruction of deep tissues (129).

Diabetic peripheral neuropathy, along with impairment of
sensory, motor, and autonomic functions, makes the foot vulnerable
to mechanical or thermal injury (8). With a reduced ability to feel
pain, minor foot injuries may go undetected and develop into full-
blown DFUs. Motor neuropathy disrupts the balance of biomechanical
forces and foot anatomy, resulting in muscle atrophy and contractures
(130). These pathogenetic events disturb walking motor skills, leading
to poor balance and instability, as well as thickening of the skin in
areas of chronic pressure, such as beneath the metatarsal heads (131).
The horny epidermis presses on deeper tissues, facilitating ischemic
necrosis and leading to the breakdown of skin and subcutaneous
tissue integrity (132). In cases of decreased sweating, the skin on the
lower limbs becomes dry and prone to cracks and fissures, with a
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FIGURE 1

Epidermal, dermal, and adipose tissue abnormalities in the skin associated with diabetes mellitus (DM). In the epidermis (blue circles), factors that
contribute to altered permeability barrier function include increased skin pH, reduced stratum corneum (SC) hydration due to water evaporation, and
impaired proliferation, differentiation, and migration of keratinocytes. Changes in the dermis (green circles) result from impaired fibroblast function, the
formation of advanced glycation end products (AGEs), collagen degradation, impaired extracellular matrix (ECM) remodelling, and chronic
inflammation (43, 44, 107, 262). In subcutaneous adipose tissue (orange circles), changes such as increased inflammatory signalling, reduced
adipogenesis, and increased lipolysis are observed (created in https://BioRender.com).
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predisposition to ulceration. Additionally, diabetic patients suffer
from impaired wound healing, as hyperglycaemia reduces the
effectiveness of healing mediators (102). Progressive autonomic
neuropathy and atherosclerosis of the proximal arteries result in the
formation of arteriovenous fistulas and foot ischemia, which impair
the ability to heal properly (133, 134). Local osteomyelitis, dislocations,
fractures, and significant disfigurement of the foot lead to Charcot
foot arthropathy (128). Diabetic Charcot disease can affect one or
more joints in the foot, leading to bone destruction and long-term
deformities (128). Untreated DFUs are prone to secondary infection,
which is accompanied by the presence of inflammatory and purulent
lesions in or around the ulcer (130, 133). Data show that approximately
50% of ulcers become infected (130). Infection may spread to soft
tissue, bones, and joints, leading to gangrene and lower limb
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amputations (52). It is very important to educate patients with DM
about proper foot self-care and encourage them to wear adequately
fitting and pressure-relieving footwear. As many as 42% of patients
with healed DFUs will develop another ulcer within 1 year (130). To
delay such a process, it is important to promote regular visits to a
qualified specialist, called a podiatrist, to treat calluses and other
forefoot symptoms (130).

Modern therapies for treating DFU are based on bioactive wound
dressings. Among the wide range of ingredients, we can distinguish
cellular and/or tissue-based products, placental dressings,
3D-bioprinted dressings, stem cell-based therapeutics, and acellular
dermal substitutes (135). Bioactive dressings deliver various growth
factors and maintain a moist wound environment (135). Equally

standard are polymer-based wound dressings, which combine natural
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polymers (e.g., chitosan, cellulose) with synthetic polymers (e.g.,
polylactide, polyglycolic acid, polyurethanes). The properties of
polymer dressings include swelling capacity, which provides a moist
and warm environment to accelerate the wound healing process,
excellent antibacterial and mechanical properties, and the ability to
deliver bioactive substances (136).

DFU affects 15-25% of people with DM, with a higher incidence
in patients with T2DM compared to TIDM (129). Apart from ulcers,
other major diabetic foot complications include abscess, wet gangrene,
dry gangrene, and necrotising fasciitis. As many as 75% of all cases of
diabetic foot syndrome end in foot amputation (128, 137) (see
Figure 2).

5.2 Diabetic gangrene

Reduced blood supply to the tissues of the foot, which leads to
necrosis, is called gangrene. Gangrene is classified into dry, wet, and

10.3389/fmed.2025.1640144

gas gangrene. Dry gangrene results from arterial occlusion, wet
gangrene is more commonly associated with venous obstruction,
while gas gangrene involves the production of gases by Clostridium
bacteria (137).

In dry gangrene, dead tissue becomes numb, dry, dark, and
shrunken. The ulceration is the starting point of necrosis, which
spreads gradually, leading to surgical amputation or autoamputation
(138). Spontaneous separation of unviable tissue from viable tissue is
possible due to the occurrence of clear lines of demarcation (129, 139).
Compared to surgical intervention, waiting for autoamputation may
increase pain, induce secondary infection, and reduce the quality of
life (128, 129). The pharmacologic approach for the treatment of dry
gangrene involves the administration of antibiotics and painkillers, as
well as circulatory management to improve blood circulation (137).
Before any surgical decision is made, patients should first overcome
peripheral artery disease. In medical management, the most promising
therapy is antiplatelet therapy or platelet aggregation inhibitors (137).
In wet gangrene, tissue is moist, swollen, soft, rotten, and dark. There
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Developmental pathways of diabetic foot ulceration (DFU). The aetiology of DFU involves prolonged hyperglycaemia, peripheral neuropathy, and
vascular disease. The prolonged hyperglycaemia impairs the wound healing process due to increased oxidative stress and reactive oxygen species
(ROS) overproduction, altered immune cell function and inflammation, endothelial cell damage, impaired neovascularisation, as well as collagen cross-
linking deformities. Peripheral motor, sensory, and autonomic neuropathy lead to foot deformities, decreased protective sensation, and skin dryness.
Vascular disease accounts for the impaired blood flow, leading to ischemia and necrosis (created in https://BioRender.com).
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is no clear-cut line of demarcation, and the putrefaction is notable due
to the congestion of organs with blood. Wet gangrene results from
obstruction or immobilisation of venous and/or arterial blood, leading
to bacterial infection or sepsis. Wet gangrene spreads rapidly and can
be fatal, so prompt surgical treatment is required (137). Gas gangrene
is a life-threatening condition. In a hyperglycaemic environment, it
spreads rapidly, with gas production at the infection site due to
Clostridium perfringens bacterial infection (140). The presence of gas
causes the tissue to turn pale, brown to purple-red with the
development of multiple haemorrhagic blisters. Putrefaction is
characterised by the infiltration of gases produced by bacteria in
tissues, which spread rapidly to the surrounding areas. Radical
amputation is the preferred treatment option (137).

5.3 Diabetic dermopathy

Diabetic dermopathy (DD) is a cutaneous manifestation of DM that
often appears on the lower limbs, especially in the pretibial region over
bony prominences (141). Some studies report that the prevalence of DD
in the diabetic population exceeds 50%, especially in those with poorly
controlled T2DM (142). Initially, DD is characterised by oval, dull, red
papules that evolve over one to two weeks into atrophic, hyperpigmented
patches and plaques with a fine scale (8, 141). It is believed that the
pathogenesis of DD results from microangiopathic changes caused by
hyperglycaemia, possibly in conjunction with mild trauma to affected
areas, which leads to hemosiderin and melanin deposition in the skin
(142). DD is a subtle, asymptomatic, and self-resolving clinical
condition that does not require treatment (143). However, as a late
complication of DM, DD reflects the progression of other diabetic
microvascular complications, including retinopathy, nephropathy, and
neuropathy (8, 144). An association with cardiovascular disease has also
been reported (145). Therefore, the identification of DD is of significant
importance to minimise the further progression of micro- and
macrovascular complications (8, 142).

6 Skin manifestations strongly
associated with DM

6.1 Yellow palms and soles

Patients with DM may experience a yellow discolouration of the
palms and soles, known as carotenodermia (12, 146). Except for
yellow pigmentation of the skin, this clinical condition is also
associated with increased f-carotene levels in the blood. It has been
reported that elevated serum carotene levels in diabetic patients are
due to impaired conversion of pro-vitamin A carotenoids to vitamin
A (147). Patients with hyperglycaemia consume a lot of vegetables and
fruits with a high p-carotene content which can lead to
hypercarotenaemia (147). However, yellowish discolouration of the
palms and soles had developed only in 10% of cases (147). Unlike
jaundice, carotenemia spares the sclera, which is useful in clinical
differentiation (12).

6.1.1 Acanthosis nigricans

Acanthosis nigricans (AN) is a highly prevalent dermatologic
manifestation of DM and insulin resistance (11, 142). Clinically, AN
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is characterised by dark brown, velvety, lichenified plaques that are
raised from the skin (148). It has a symmetrical distribution and is
located in intertriginous areas such as the axilla, neck, and groin (144,
149). These lesions are usually asymptomatic, although itching may
occasionally occur (8). The pathogenesis is thought to be due to
persistently elevated blood glucose levels and the resulting state of
hyperinsulinemia (11, 142). Insulin binding to insulin growth factor
receptor 1 (IGF-1) on keratinocytes and fibroblasts induces cell
proliferation, leading to the clinical manifestation of hyperkeratosis
(9, 142). Changes in skin pigmentation are mainly due to the
thickening of the SC of the epidermis and are less often due to changes
in melanin production (9, 12). Apart from DM, AN is also associated
with insulin resistance and obesity, and it can serve as a reliable
cutaneous marker for these conditions (8, 9, 150). The most important
therapy is the treatment of the underlying disease (142). The
interventions for AN ultimately focus on reducing insulin resistance
and improving glycaemic control through pharmacotherapy. Dietary
modifications, increased physical activity, and weight reduction are
promising lifestyle modifications that are helpful in overall therapy
(150). Skin care procedures are based on keratolytic agents such as
isotretinoin, salicylic acid, retinoids, or urea. Topical agents alleviate
symptoms but do not eliminate the cause of the condition (142, 150).

6.2 Bullosis diabeticorum (BD)

Bullosis diabeticorum, or bullous disease (BD), is a rare skin
manifestation affecting about 0.5% of diabetics (142, 144). Tense,
non-inflammatory vesicles and bullae often occur on the hands and
feet on an unchanged base. The diabetic bullae are large and painless,
filled with clear fluid (143, 144). Blisters often appear rapidly and heal
without scarring in 2 to 5 weeks (146). The fluid inside the blister is
reabsorbed by the body, and the blisters dry up (143). Treatment for
diabetic blisters is supportive and aimed at preventing secondary
infection and chronic ulcers (11). To minimise the risk of infection, it
is important not to puncture the blisters (143). The basis of therapy is
the regulation of blood glucose levels (144). BD affects patients with
long-duration DM or those who have diabetic microvascular
complications (143). There is an incomplete understanding of the
underlying pathogenesis of BD (12). It is assumed that the vascular
complications of DM cause fragility of the skin, which promotes
blistering. In addition, coexisting diabetic polyneuropathy may
explain the foot involvement. There are also reports of BD appearing
in individuals with prediabetes (8, 12, 142). Therefore, early detection
of diabetic blisters may be an early marker of the disease (8).

6.3 Diabetic thick skin

Diabetic patients may have thickening and hardening of the skin
on the dorsal aspect of the hand. The skin sclerosis on the extensor
surface of the fingers, on the knuckles, or the periungual surface is
known as Huntley’s papules (144). These are grouped, small, indurated
papules, which may reduce joint flexibility (143, 146). Reduced joint
mobility results in limited extension. Patients are unable to entirely
close the gap between opposing fingers of closed hands (a “prayer
sign”) (8). A scleroderma-like syndrome is common in TIDM and
occurs in up to 50% of diabetic patients (146). The physiopathology
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of thick skin in DM is not completely understood. However, in a state
of hyperglycaemia and hyperinsulinemia, collagen metabolism is
disrupted (79). Increased collagen synthesis in fibroblasts and reduced
degradation of collagen affect the thickening and hardening of the
skin. There is no specific therapy for thick skin (12).

6.4 Scleredema diabeticorum

Another form of skin sclerosis associated with DM is the
scleredema adultorum of Buschke (SAB). It is a rare connective tissue
disease that affects mainly the face, trunk, neck, and upper limbs
(146). It is characterised by painless, symmetrical, and diffuse
thickening and hardening of the skin. Stiffness and impairment of
mobility result from cutaneous deposition of collagen and
mucopolysaccharides (12). Increased glucose levels stimulate collagen
production from fibroblasts and reduce collagen degradation, affecting
the thickening of the skin (8, 142). SAB is resistant to medical
interventions. Therapies include glucocorticoids, pentoxifylline,
prostaglandin E1, or methotrexate administration (146). However, to
avoid the formation of new lesions, patients should monitor their
blood glucose levels (12, 142, 146).

6.5 Necrobiosis lipoidica

(NL)
granulomatous disease of the dermis. Initially, erythematous papules

Necrobiosis lipoidica is a chronic inflammatory
are present, which slowly evolve into a yellow-brown well-demarcated
plaque with an atrophic centre (142). Lesions are typically present on
the shins with no systemic symptoms (11). NL resolves spontaneously
but frequently may develop secondary infection and ulceration (142).
Treatment is challenging and typically involves topical therapy with
corticosteroids and systemic immunosuppressants, such as
cyclosporine and methotrexate (12). In recent years, cases have been
reported of the successful use of ustekinumab and secukinumab, as
well as Janus kinase inhibitors (JAKi) and the aryl hydrocarbon
receptor agonist tapinarof (151, 152). Tacrolimus possesses anti-
inflammatory and antifibrotic properties by inhibiting collagen
synthesis (151). Although the aetiology of NL is considered unclear,
histopathological examination indicates disorganisation and
degeneration of collagen in the whole dermis and infiltration of
inflammatory cells in the atrophic epidermis (146). Therefore, the use
of tacrolimus can be a promising therapy (151). Autoimmune
vasculitis appears to be a primary cause of collagen necrobiosis (146).
In DM, prolonged hyperglycaemia causes microvascular ischemic
changes affecting NL development (11, 146). There is a strong NL

association with T1DM, with an incidence of 0.3 to 1.2% (8).

7 Non-specific symptoms associated
with DM

7.1 Acrochordons (skin tags)
Acrochordons, known as skin tags or benign fibroids, are

pedunculated, hyperpigmented, or skin-tone lumps that occur in
diabetic patients (11). Approximately 23% of patients with DM have
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acrochordons (142). The neck, armpits, and periorbital area are most
frequently involved (8). The pathogenesis of acrochordons includes a
strong association with abnormal glucose metabolism and insulin
resistance (8, 12). High insulin levels in response to hyperglycaemia
stimulate keratinocyte proliferation and an increase in tissue and
epidermal growth factors, resulting in the overgrowth of skin tags (9,
148). The changes are benign; therefore, they do not require removal
for medical reasons. Aesthetic treatments include excision,
electrotherapy, or cryotherapy (11). Interestingly, the quantity of
acrochordons is positively correlated with blood glucose levels (11,
142). Studies indicate that the presence of 30 or more acrochordons in
patients increases the risk of developing T2DM (142). Therefore, the
presence and number of acrochordons may serve as a cutaneous

marker for impaired carbohydrate metabolism (8, 9).

7.2 Rubeosis faciei diabeticorum

Rubeosis faciei is a chronic erythema of the face or neck of
patients with DM (11). Telan