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Abstract

The objective of this manuscript is to provide a comprehensive understanding of the general etiology of diabetic ulcers.
While it is commonly perceived that “peripheral neuropathy” is the sole cause of diabetic ulcers due to reduced arterial blood
supply and impaired venous circulation to the wound, there is a significant oversight at the nano-molecular level regard-
ing the impact of high blood glucose/glycans in diabetic patients. A significant number of research literature talk about the
influence of high blood glucose, the impact of glycosylation, the role of lysyl oxidase in collagen maturation along with the
impact on peripheral nerve cells causing neuropathy. Such peripheral neuropathy could also be playing a major role in the
reduction of arterial blood supply. Through this review article, the author aims to shed light on the unexplored mechanisms
involving the glycosylation of lysine residues caused by excessive blood glucose/glycans/polysialic acids, and other related
processes. These alterations disrupt the normal pathway of oxidative deamination of lysine residues, which are supposed to
serve as substrates for lysyl oxidase. Consequently, the conversion of amino groups to aldehyde groups is impeded, leading
to a disruption in the aldol-condensation reaction necessary for the regular maturation of wound bed collagen and proper
healing of the wound.

Keywords Diabetic ulcer - Hyperglycemia - Collagen - Glycosylation - Lysyl oxidase - Delayed wound healing and
treatments

Introduction The primary focus of this article is on the impact of pro-
tein glycosylation and its contribution to delayed wound
Any medical professional would readily acknowledge that  healing, ultimately leading to ulcer formation (See Fig. 1).
the cause of diabetic ulcers is peripheral neuropathy, cou-
pled with poor arterial blood supply to the wound. How-

ever, the biochemical pathway underlying the etiology of

diabetic ulcers has not been thoroughly analyzed to date.
This review article attempts to elucidate the potential
chemical interventions resulting from excessive blood
glucose in diabetic patients, which adversely affect the
normal wound healing process and lead to ulcer formation.

Among the two factors, peripheral neuropathy and poor
circulation or peripheral artery disease (PAD), the former
pathological symptom could also be attributed to hypergly-
cemia, whereas PAD may be caused by the accumulation
of fatty material inside the arteries, which subsequently
hardens into plaque.
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Current General Perception of Diabetic Ulcer
Etiology

The onset of diabetic ulcers is widely perceived to
be caused by peripheral neuropathy and poor blood
circulation.

Peripheral Neuropathy

First and foremost, it is crucial to understand peripheral
neuropathy caused by hyperglycemia. High blood sugar
can result in a condition known as diabetic neuropathy,
which involves nerve damage. Prolonged periods of ele-
vated blood sugar levels can lead to nerve damage, where

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s44174-023-00106-8&domain=pdf
http://orcid.org/0009-0004-4851-8877

308

Biomedical Materials & Devices (2024) 2:307-315

the affected nerves may cease to transmit messages to vari-
ous parts of the body [1, 2] (See Fig. 2).

The nerves responsible for carrying sensation can also
be damaged over time due to high blood sugar levels,
resulting in a condition called “diabetic neuropathy” [3, 4].

The duration of diabetes and levels of glycated hemo-
globin have been strongly associated with a higher inci-
dence of neuropathy [5, 6].

Reduced Blood Circulation

Poor blood supply to the wound, also known as peripheral
artery disease (PAD), is caused by the accumulation of
fatty material inside the arteries, which hardens and forms
plaque. This process restricts the flow of blood throughout
the body [7-9] (See Fig. 3).

Prolonged high blood sugar levels can lead to damage
in the blood vessels, resulting in reduced blood flow to
the feet. Insufficient circulation can weaken the skin, con-
tribute to the development of foot ulcers, and impair the
healing of wounds [10].

Untrodden Causes of Diabetic Ulcer

Hyperglycemia (High Blood Glucose) in Diabetic
Patients

Hyperglycemia is the medical term used to describe high
blood glucose or blood sugar levels. It occurs when the
body either has insufficient insulin or cannot effectively
use the available insulin [11-13].

The term “hyperglycemia” is derived from the Greek
words hyper (high) + glykys (sweet/sugar) + haima
(blood). Medically, hyperglycemia is defined as blood
glucose levels greater than 125 mg/dL while fasting and
greater than 180 mg/dL 2 h after eating. If left untreated,
hyperglycemia can lead to severe and life-threatening com-
plications, including damage to the eyes, kidneys, nerves,
heart, and peripheral vascular system [14—16]. Therefore,
effective management of hyperglycemia is crucial in order
to prevent disease complications and improve patient out-
comes [17, 18].

Hyperglycemia resulting in Glycosylation

Protein glycosylation is a fundamental process in nature that
regulates essential biological pathways, including protein
trafficking, cell adhesion, and host-pathogen interactions.
The intricate and diverse structure of glycans on proteins
plays a crucial role in directing specific biological processes.
When these structures are altered, it can give rise to various
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diseases [19-23]. Understanding the fundamental principles
of protein glycosylation is therefore of great importance in
both basic biology and medicine [24, 25].

Glycosylation is the process by which a carbohydrate
is covalently attached to a target macromolecule, typically
proteins and lipids [26, 27]. As such, glycosylation serves
as a form of post-translational modification for proteins
and other biological molecules [28, 29].

Impacts of Glycosylation

Glycosylation is frequently utilized by viruses to shield viral
proteins from immune recognition. A notable example is
the dense glycan shield present on the envelope spike of the
human immunodeficiency virus [26, 30, 31]. This utilization
of glycosylation by viruses to evade immune recognition
suggests that if collagen's epitope is obscured by glycosyla-
tion, it will severely impact the interconnected biochemical
mechanisms.

Previous in vitro studies have demonstrated that glucose
inhibits collagen fibril formation and subsequent cross-
linking [32]. Collagen with reduced cross-linking is more
susceptible to degradation by collagenolytic enzymes,
which may explain the decreased collagen levels observed.
It is suggested that the diminished collagen levels in the
connective tissues of individuals with diabetes may be
attributed to a combination of inhibited collagen fibril
formation, impaired cross-linking, and increased collagen
degradation [33].

Sialic acids (Sias) are commonly found as terminal
branches of N-glycans, O-glycans, and glycosphingolipids
(such as gangliosides). They occasionally act as capping
side chains of GPI anchors as well [34].

Normal Wound Collagen Maturation Through Lysyl
Oxidase

The functions of collagen are diverse. For example, during
wound formation, exposed collagen activates the clotting
phase and facilitates the migration of inflammatory cells to
the wound bed. It possesses natural binding sites for vari-
ous cytokines, including epidermal growth factor (EGF),
fibronectin, fibrinogen, histamine, platelet-derived growth
factor (PDGF), serotonin, and von Willebrand factor, among
others [35, 36].

In a normal maturation process, lysyl oxidase facilitates
the oxidative deamination of lysine residues, ultimately lead-
ing to aldehyde-amino group Schiff-base condensation and
aldol condensation, resulting in the formation of cross-links
[37-40] (shown on the left side of Fig. 4).

Enzymatic crosslinking is a crucial step in the develop-
ment and repair of collagen connective tissues [41, 42]. Col-
lagen crosslinks play a key role in tissue mechanics, cell
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signaling, matrix damage accumulation, and tissue repair [43—45]. The mechanical integrity of individual Type-I collagen
fibrils heavily relies on the enzyme lysyl oxidase, which regulates the robust formation of stable intermolecular collagen

crosslinks during maturation. The absence of these head-
to-tail chemical bonds significantly reduces collagen fibril
strength and overall tissue function. Lysyl oxidase specifi-
cally acts on lysine or hydroxylysine residues in the telopep-
tide region of the collagen molecule, resulting in the forma-
tion of immature divalent crosslinks with opposing amino
acids in the triple-helical region [46—49]. These immature
crosslinks later spontaneously convert into more stable tri-
valent crosslinks, increasing collagen interconnectivity, fibril
stability, and mechanical integrity of the entire tendon [50].

Lysine modifications of collagen involve complex sequen-
tial processes catalyzed by several groups of enzymes, ulti-
mately leading to covalent intermolecular cross-linking [51,
52]. Within the cell, specific lysine residues are hydroxylated
to form hydroxylysine. Then, hydroxylysine residues in the
helical domain of the collagen molecule undergo glyco-
sylation by the addition of galactose or glucose-galactose.
Outside the cell, lysine and hydroxylysine residues in the
N- and C-telopeptides can undergo oxidative deamination,
producing reactive aldehydes that undergo a series of non-
enzymatic condensation reactions, resulting in the formation
of covalent intra- and intermolecular cross-links [53].

Direct Impact of Glycosylation on Maturation
of Collagen in the Healing Wound Bed

The excessive amount of glucose in diabetic conditions
glycosylates the same lysine residues that serve as sub-
strates for lysyl oxidase [54-56] (shown on the right side
of Fig. 4), which, in turn, inhibits the normal maturation of
collagen. This biochemical phenomenon, called glycosyla-
tion, hinders the normal enzymatic maturation mediated
by lysyl oxidase, leading to non-healing ulcers [57]. Fur-
thermore, this glucose also affects the extracellular matrix
that supports the nerves and their endings, resulting in
significant matrix structural alterations that render it unfit
to support synapses [58].

In conclusion, protein glycosylation is differentially regu-
lated in a tissue- and disease-specific manner and is associ-
ated with the inflammatory response during wound healing.
This altered glycosylation likely contributes to the observed
decreased healing potential [59, 60] in the skin compared to
the oral mucosa and in diabetic skin compared to non-diabetic
skin, respectively. However, further validation is required.

Overall, this study demonstrates that three glycosylation-
related genes related to mucins and glycogenolysis, respec-
tively, are downregulated, while 18 genes associated with
neutrophil degranulation, sulfation, polysialylation, and

others are upregulated in tissues with impaired healing.
Additionally, time-dependent increases in protein sialic acids
and polysialic acids were observed in the skin compared to
the oral mucosa, while diabetic skin exhibited increases in
N-linked glycan sialic acids and fucosylated, sialosyl-poly-
N-acetyllactosamines compared to non-diabetic skin. Inter-
estingly, increased sialic acid carbohydrates have been
observed in other models of acute inflammation, and both
polysialic acid and fucosylated, sialosyl-poly-N-acetyllac-
tosamine carbohydrate determinants are involved in selectin-
selectin ligand-mediated inflammatory responses [61].

Polysialic acid (PSA) has been adsorbed and/or linked
to other natural or synthetic polymers, such as hyaluronic
acid (a natural polysaccharide), polylysine and polyornithine
(synthetic polypeptides), or LM and gelatin (proteins) [62].

This study demonstrates a significant blood glucose
concentration-dependent increase in glycosylation in newly
synthesized collagen in hyperglycemic animals, which is
associated with increased collagenase activity and decreased
wound collagen content [63].

It is worth noting, when compiling wound-healing his-
tories, that individuals with lower HbA c levels had faster
healing. For example, the clinical course of two individuals
who presented to the Johns Hopkins Wound Clinic with foot
wounds. The individual with an HbA ¢ level of 5.6% had a
wound-healing rate of 0.35 cm? per day, and the wound was
completely resolved 64 days after the initial presentation.
The individual with an HbA c level of 11.1% had a more
variable clinical course, where the wound area increased and
decreased over time, and 727 days after the initial presenta-
tion, the wound was not resolved. During the time when the
wound was decreasing in size, the wound-healing rate was
0.001 cm? per day. This suggests that a relationship might
exist between a faster wound-healing rate and low HbA ¢
levels [64-67].

Current Treatment Options for Hyperglycemic
Patients

Regarding the treatment of hyperglycemic patients, in addi-
tion to the usage of insulin as a supplement, there are vari-
ous oral antihyperglycemic drugs [68, 69] currently avail-
able. These agents include Sulfonylureas, Meglitinides,
Biguanides, Thiazolidinediones, a-Glucosidase inhibitors,
DPP-4 inhibitors, SGLT?2 inhibitors, Cycloset, and others.
A summary of the mechanisms of action [70] for differ-
ent classes of oral antihyperglycemic agents is provided in
Table 1 above.
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Fig.1 Collagen glycosylation—
unrevealed concept in diabetic
wound etiology

Hyperglycemia is caused by
uncontrolled diabetic conditions

bo =
L [
el

& 5

thirst. |;r|n1aﬂon. hunger.
& o
Q)
Blurred Slow-healing cuts
vision. and sores. Fatigue.

The sequence of events occurring during the process of wound healing is as follows:
a. Hemostasis - Formation of a blood clot to stop bleeding.

b. Inflammation - Initial cellular response to investigate the pathological situation at the wound site.
c. Granulation - Formation of new blood vessels and appropriate tissues to facilitate the healing of the
wound.

d. Maturation - Secreted collagen, the structural protein, undergoes enzymatic crosslinking to stabilize
and strengthen the wound.
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Neurological Condition in Normal vs. Diabetics
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Fig.2 Excessive glucose in diabetic patients cause neuronal damage leading to peripheral neuropathy

Discussion & Conclusion

The author of this article attempts to explain the etiology
of diabetic ulcers with an emphasis on “what is generally
perceived” versus “what needs to be enlightened”. Such a
detailed understanding is also essential for developing bet-
ter control mechanisms for the treatment of diabetic ulcers.
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Fig. 3 Peripheral arterial disease development in diabetic patients

Ongoing efforts are being made to develop better meth-
ods for the treatment of diabetic patients and control ulcer-
ous wounds. The above-explained eye-opening unexplored
causes of diabetic ulcers may pave new paths for treating
them through the local administration of non-immunogenic,
bioactive, and un-crosslinked Type-I collagen at the wound
site. This collagen type would absorb excess glucose by
serving as a substrate for free-floating glucose/glycans,

Normal Artery

Artery with plaque build-up
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Collagen Maturation in Normal vs. Diabetics
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Table 1 Biological actions of diabetic medications

Generic name Mechanism of action

Sulfonylureas & Meglitinides

This binds to ATP-sensitive potassium channels in the beta cells of the pancreas that alters the

resting membrane potential of the cell causing an influx of calcium to stimulate insulin secre-

tion
Biguanides
Thiazolidinediones
Alpha-glucosidase inhibitors
DPP-4 inhibitors
SGLT?2 inhibitors
Cycloset

This decreases hepatic glucose production and intestinal absorption of glucose

This increases the number of insulin-sensitive adipocytes

This inhibits polysaccharide reabsorption and the metabolism of sucrose to glucose and fructose
This decreases glucagon release and increases glucose-dependent insulin release

This causes inhibition of 90% glucose reabsorption

This reverses insulin resistance and decreases glucose production

thereby reducing the unwanted impact of glucose on the
wound-bed collagen. Most other collagens may contain
non-biocompatible molecules as contaminants, which are
mostly cross-linked (knowingly or unknowingly) to avoid
any potential rejection of the matrix material in the host
tissue.

Consequently, the synthesized collagen can avoid poten-
tial glycosylation damage and undergo maturation for proper
wound healing.
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