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Abstract

Introduction: With ageing, the skin gradually loses its youthful appearance and functions like wound healing
and scar formation. The pathophysiological theory of Advanced Glycation End products (AGEs) has gained
traction during the last decade. This review aims to document the influence of AGEs on the mechanical and
physiologic properties of the skin, how they affect dermal wound healing and scar formation in high-AGE
populations like elderly patients and diabetics, and potential therapeutic strategies.

Methods: This systematic literature study involved a structured search in Pubmed and Web of Science with
qualitative analysis of 14 articles after a three-staged selection process with the use of in- and exclusion criteria.

Results: Overall, AGEs cause shortened, thinned, and disorganized collagen fibrils, consequently reducing
elasticity and skin/scar thickness with increased contraction and delayed wound closure. Documented
therapeutic strategies include dietary AGE restriction, SRAGE decoy receptors, aminoguanidine, RAGE-
blocking antibodies, targeted therapy, thymosin 4, anti-oxidant agents and gold nanoparticles, ethyl pyruvate,
Gal-3 manipulation and metformin.

Discussion: With lack of evidence concerning scars, no definitive conclusions can yet be made about the role of
AGEs on possible appearance or function of scar tissue. However, all results suggest that scars tend to be more
rigid and contractile with persistent redness and reduced tendency towards hypertrophy as AGEs accumulate.

Conclusion: Abundant evidence supports the pathologic role of AGEs in ageing and dermal wound healing
and the effectiveness of possible therapeutic agents. More research is required to conclude its role in scar
formation and scar therapy.
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Scars, Burns & Healing

Lay Summary

Our skin is the body’s first line of defense. It is the barrier that protects us from chemical and biological
threats such as viruses, bacteria or corrosive liquids. It is the sensor that allows us to detect physical threats
like extreme temperatures, pressure and pain. And when these preventative measures fail, the skin has yet
another property: the ability to heal.

Skin changes visibly with age, most notably with the appearance of wrinkles. However, there is more to ageing
than meets the eye; invisible alterations cause the decline of various functions of the skin, such as wound
healing and scar formation. An array of non-conclusive research has been done in this field. One theory
that has gained traction during the last decade is the Advanced Glycation End products (AGEs) theory. The
theory states that AGEs play an important role in skin aging, wound healing and the effectiveness of different
therapeutic options. Their presence supposedly indicates a diminished ability for wound healing and scar
formation.

AGEs are proteins to which sugar molecule is bound. The sugar molecule inhibits the original protein from
functioning properly. As skin contains many proteins like collagen, the formation of these AGEs could be a
viable explanation for the diminished functioning with ageing. In this review, we investigated whether the
accumulation of AGEs affects wound healing and scar formation.

Normal scar formation results in a thin scar. However, it may happen that scarring results in thick, large,
painful and itchy scars. We investigated whether people with a high AGE content in their skin, like diabetics
and elderly, have difficulties forming aesthetically pleasing scars. Secondly, we investigated which therapies
reduce the AGE content and, if so, whether these therapies can improve wound healing and scarring. This
literature study involved research in scientific databases with qualitative analysis of 14 articles after a three-
staged selection process with the use of set criteria.

We found the different ways in which AGEs affect skin properties and wound healing. Collagen, one of
the most important proteins in the skin, is affected by these AGEs. Once a sugar binds to it, the collagen
strings becomes thinner and shorter, and the different collagen proteins cross-link with each other in an
unstructured way. The result of these alterations is a reduced elasticity, i.e. the skin becomes stiffer. The scar
will be thinner and the time for wounds to close is longer. We also found strategies to diminish the AGE
content, including dietary AGE restriction and Metformin, a drug used in diabetes.

We can conclude that there is proof of AGEs playing an important role in skin ageing, wound healing and the
effectiveness of different therapeutic options. However, more research is required to conclude the exact role

of AGEs in scar formation and scar therapy.

Introduction

With ageing, the skin is subjected to stresses that
alter its properties, gradually diminishing its func-
tion and youthful appearance.! A recent patho-
physiological theory that has gained traction
during the last decade is the process of advanced
glycation end products (AGE) formation. During
this process, organic proteins like collagen
undergo irreversible glycation, influenced by oxi-
dative stress.2 As scar formation is characterised
by excessive collagen deposition, factors that neg-
atively influence the structure and function of
collagen may cause impaired scarring. This paper
reviews the influence of AGEs on the mechanical
and physiological properties of the skin, more
specifically how they affect scar formation in
elderly patients and what potential therapeutic
strategies are described in the literature.

Background
Skin

Function. The skin performs multiple functions.?
Its primary purpose is to act as a border between
the body and its surroundings, protecting the
human body against mechanical, thermal, micro-
bial and chemo-radial threats. However, this makes
the skin itself vulnerable to both external and
internal stresses.*5 Furthermore, it regulates tem-
perature through sweat production, piloerection
and changing the superficial vascular flow. Vitamin
D synthesis also takes place partially in the skin.
The skin’s ability to sense cold, heat, pain and
touch serve as a warning against severe trauma,
burns or hypothermia. Another frequently over-
looked function is its aesthetic function; the
appearance of the skin affects the way a person is
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perceived and treated by other members of soci-
ety.5 This aesthetic appearance can be degraded by
alterations in the skin characteristics, which are
affected by the ageing processes, scarring, smok-
ing, ultraviolet (UV) exposure, hygiene and diet. A
great deal of dermatology research presently aims
to find ways to counteract these changes in appear-
ance, either by prevention or restoration.

Structure. The skin consists of three main layers: the
epidermis, the dermis and the subcutaneous fat.”
These layers all play a significant role in the func-
tion of the skin. The epidermal layer is the outer
covering, mainly composed of keratinocytes
arranged in four layers: stratum corneum, stratum
granulosum, stratum spinosum and stratum basale.
It contains various immune cells and keratinocyte
progenitor cells. The colour of skin is determined
by melanocytes situated at the base of this layer, but
can also be altered as a result of inflammatory reac-
tions after injury. The dermis, on the other hand, is
the supportive connective tissue. It has sweat glands
for thermoregulation and nerve endings for sensa-
tion. It also contains hair follicles and vessels. Sev-
enty percent of the dermis is made up of collagen
fibres, produced by fibroblasts. These cells also pro-
duce elastin and other connective tissue and glycos-
aminoglycans. Other cells in the dermis include
mast cells, macrophages, dendritic cells and lym-
phocytes. The deepest layer, the subcutaneous
layer, stores fat and helps to insulate the body.

Wound healing

When tissue gets injured, a regeneration process
begins. Healthy skin has an excellent regenera-
tion capability because it is well vascularised and
contains a pool of epidermal stem cells able to
proliferate and regenerate.® However, some fac-
tors may interfere with the normal healing pro-
cess, which will be discussed later on. Besides stem
cells, other actors like fibroblasts, immune cells,
endothelial cells, macrophages, extracellular
matrix, cytokines and growth factors, are neces-
sary to restore the damage. In general, the wound
healing process is arbitrarily divided into four
phases which overlap in time and space: haemo-
stasis/coagulation, inflammation, proliferation/
repair and maturation.*

Following injury, small blood vessels constrict to
ensure haemostasis and then vasodilate to promote
thrombocyte invasion and coagulation.? The clot-
ting cascade forms a firm fibrin clot, which, in addi-
tion, is used as a matrix for invading cells and as a
reservoir for cytokines and growth factors.!” In the
inflammatory phase, neutrophils activated by the

coagulation cascade are attracted to the site by
growth factors and cytokines such as platelet-derived
growth factor (PDGF), fibroblast growth factor
(FGF) and interleukin (IL)8. These polymorpho-
nuclears clear the debris and ingest microorgan-
isms, which are later phagocytised by macrophages.
The macrophages additionally secrete mediators
perpetuating inflammation and activating the pro-
liferative phase.!! Proliferation of epithelial cells
covers the wound, thus acting as a barrier against
foreign material. Neo-vascularisation and extracel-
lular matrix secretion by fibroblasts creates granula-
tion tssue beneath the lesion.'? Fibroblasts then
differentiate into myofibroblasts causing contrac-
tion of the wound margins. The maturation phase
can last up to two years after initial injury® and is
characterised by further cell apoptosis, diminished
neovascularisation and replacement of collagen
type III to stronger collagen type I.

Risk factors for impaired wound healing. Individual
risk factors for poor wound healing can be distin-
guished by the way they interfere with one or more
phases of normal wound healing. The most impor-
tant ones are peripheral artery disease, diabetes,
chronic venous insufficiency, ageing, immunosup-
pressive therapy, sickle cell disease, malnutrition,
infection, immobilisation, smoking and prior
radiotherapy. The phenomenon by which ageing
enhances the risk of poor or slow wound healing is
a consequence of poorly understood mechanisms
that lead to decreased supply of cutaneous nerves
and blood vessels, thinning of the skin and dimin-
ished ability to produce new collagen.!?

Scarring. A scar in the skin may be defined as a
macroscopic disturbance of the normal structure
and function of the skin architecture, resulting
from a healed wound.' Scars can be divided into
different groups according to their appearance.
Various tools are available to evaluate the charac-
teristics of these scars.!’® Raised skin scars are
described as hypertrophic or keloid, with the main
difference being the boundaries of the scar, as
keloids exceed the boundaries of the initial lesion
and hypertrophic scars do not.!® The pathophysi-
ological mechanisms of keloids and hypertrophic
scars are not completely known. Different cyto-
kines have been implicated, including IL6, IL8 and
IL10, as well as various growth factors including
transforming growth factor-beta (TGF-f) and
PDGEF.!” Several scar therapies exist including con-
ventional (occlusion, compression, steroid injec-
tion), surgical (excision, cryosurgery) and adjuvant
(radiotherapy) strategies. The use of different che-
motherapeutic agents has been studied.!®
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Ageing

With ageing, the skin undergoes various changes,
the most conspicuous being the appearance of wrin-
kles. The causes of these changes can be classified as
exogenous or endogenous factors, which can be
divided by UV-protected versus UV-exposed sites.!
Exogenously aged skin has a thickened epidermis
and aggregation of abnormal elastic fibres in the
dermis.!” Endogenously aged skin becomes gener-
ally thinner, atrophic with diminished elasticity, and
reflects the ageing process in internal organs.!92
The causes of cellular senescence include decreased
proliferative capacity, a decrease in cellular DNA
repair capacity leading to chromosomal abnormali-
ties, loss of telomeres, oxidative stress and gene
mutations.?! Besides visible structural changes, func-
tionality also declines. There is reduced strength
and flexibility, impaired barrier functionality, altered
immunity and vascular changes. The skin’s protec-
tive function is thereby weakened. Foreign mechan-
ical stresses such as chemicals, soaps and antigens
can, therefore, penetrate and injure the skin more
easily, causing adverse reactions, infection or scar-
ring. As protection against oxidative stressors is
reduced, UV light becomes more damaging. As
neural and vascular supply declines, sensation, ther-
moregulation and perspiration are all blunted, fur-
ther reducing the skin quality.

Advanced glycation end products (AGEs)

A recent pathophysiological theory that has
gained traction during last decades is the process
that results in the formation of AGEs.

Formation. AGEs are a very heterogeneous group
of substances.?? The term encompasses all mole-
cules like proteins, lipids and nucleic acids that
degenerate because of binding sugar molecules.
The formation of AGEs is a multistep process
and three principal components are essential:
sugars, oxidative stress and sufficient time. First,
a process called glycation, or Maillard reaction,
occurs, in which a reduced sugar anchors to a
free amino acid, hence forming a Schiff base.??
This is a non-stable and reversible intermediate
product and is formed over the period of a few
hours, and is the same process responsible for
the browning of food in thermal processes.?*%
During the following days, a Schiff base can
transform into an Amadori product, which is
stable but again still reversible intermediate.
Both can eventually become irreversible AGEs
by undergoing oxygenation and dehydration
reactions. This phase requires more time and,
therefore, only long-living glycated proteins like

collagen, albumin, LDL and haemoglobin will
be susceptible to this conversion. Proteins that
are excreted or broken down too swiftly are not
prone to this conversion. This last oxidative step
is obligatory in the formation of advanced glyca-
tion end products.?6

Sources. Everybody is subjected to AGE forma-
tion.?” Accumulation of AGEs is reported as
young as the age of 20 years and appears to
increase steadily subsequently.?® The cause of
AGE formation is twofold, being either exoge-
nous ingestion or endogenous production. The
accumulation can further be worsened by a
diminished excretion capacity in the case of renal
impairment, being part of a negative feedback
loop as explained later. It has been observed that
some foods contain more AGEs than others, with
the single most important factor being the prepa-
ration method of food.? The endogenous pro-
duction, on the other hand, can be increased by
diabetes, smoking and consuming or using things
that raise the amount of reactive oxygen species
(ROS).*" Among these risk factors, diabetes is
possibly the most significant and most well docu-
mented, caused by hyperglycaemia.

Elimination of AGEs occurs by renal clear-
ance. Unfortunately, the kidneys are also target
organs of AGEs, causing structural changes of
progressive nephropathies including glomerulo-
sclerosis, interstitial fibrosis and tubular atro-
phy.?! Together, this generates a positive feedback
loop in which AGEs progressively accumulate
and further impair the renal function.?

Targets of AGEs. AGEs can affect the function of
organs through multiple pathways.3?%* First, if a
reversible Amadori product or Schiff base reacts
irreversibly with an amino acid of a protein, a
protein-adduct or protein-crosslink is formed,
leading to (partial) loss of normal structure and
function. Second, binding to an AGE-receptor
(RAGE) leads to increased oxidative stress and
inflammation by interrupting normal intracellu-
lar signalling and processes. The soluble isoform
of RAGE (sRAGE), present in human plasma, is
produced by proteolytic cleavage of the mem-
brane-bound form.%5% It binds circulating AGEs
and so is regarded as a potential decoy for RAGE
signalling pathways.3” On the other hand, it can
have pro-inflammatory effects through interac-
tion with Mac-1.%® Studies recently showed that
SRAGE could be used as a marker for AGE-medi-
ated diseases, with a negative correlation between
serum SRAGE and AGE-induces pathologies,
making its use a possible therapeutic strategy.
The third mechanism by which AGEs affect
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different organs is through binding lipoproteins.
It may lead to the formation of foam cells, an
important risk factor in the development of ath-
erosclerosis, which can lead to myocardial infarc-
tion and stroke.40

AGEs and skin. The consequences of AGE accu-
mulation on the skin are a subject of interest in
recent literature aiming at finding causes for
diminished appearance and decreased function
of the skin with ageing. As in all organs, long-lived
proteins are particularly prone to oxygenation. In
the skin, this primarily affects dermal extracellular
matrix proteins including collagen, fibronectin
and elastin.*!*? Different skin collagen fibrils can,
if glycated, conjointly form crosslinks, making skin
more stiff and diminishing its ability to resist
mechanical stressors.> When membrane contact
sites become affected, communication with other
cells and proteins will be impaired.** Glycated skin
collagen also seems to be less susceptible to MMP
activity. This interferes with the normal removal of
old collagen fibrils as well as the formation of new
ones and can therefore lead to decreased transfor-
mation of collagen-III into collagen-I fibres.

Besides Extracellular Matrix (ECM) proteins,
skin cells are also subjected to negative effects of
AGEs as they contain RAGEs on their surfaces,
and their intracellular proteins can also be
affected.®> Receptors for AGEs have already been
detected in vivo on surfaces of keratinocytes, den-
dritic cells, fibroblasts, endothelial cells and
immune cells by immunohistochemistry. The
existence of RAGE on melanocytes has been dem-
onstrated by western blot and immunofluores-
cence, and binding of AGEs to these RAGEs
promotes melanogenesis.*® RAGE activation
causes fibroblasts to lose contractility as well as
turnover ability.” Dermal and epidermal homeo-
stasis is disturbed as keratinocytes gradually lose
their proliferation capacity and become more sus-
ceptible to apoptosis.** On the other hand,
immune cells proliferate and induce and propa-
gate inflammation. It is notable that sun exposure
seems to increase RAGE density.*

AGEs and wound healing. Fibroblasts play a lead-
ing role in wound healing, particularly in the
skin. To participate in wound repair, they must
migrate into the wound, proliferate and form new
extracellular matrix.!! Because normal healing
needs a sufficient amount of cells to repair the
injuries, apoptosis induced by different mecha-
nisms like AGE/RAGE binding could impair ade-
quate healing. Because of this, poor wound repair
in the elderly and diabetics could be explained as
a result of the formation of AGEs.?0!

Possible therapeutic strategies

As AGEs play an important role in negatively
altering the physiology and morphology of skin,
considerable research has focused on ways to
counteract these changes. Substances inhibiting
the formation of AGEs can be used preventively,
including aminoguanidine,>** pyridoxine (vita-
min B6),% isopropylidenehydrazono-4-oxo-thia-
zolidin-5-ylacetanilide (OPB-9195).°657 Caloric
restriction has also been proven to diminish AGE
accumulation and increase the lifespan of rats.®

An alternative is to target previously formed
AGEs by using substances that break them down
or neutralise them. Different neutralisers have
been identified, among which are vitamins C and
E, various herbs and spices (cinnamon, marjoram,
tarragon, ginger, rosemary),* blueberry extract,%
green tea,®! natural flavonoids,? zinc, manganese,
alpha-lipoic acid and selenium yeast.%® Topical
administration of dimethyl-3-phenayl- thiazolium
chloride (ALT-711 or alagebrium), a potent cross-
link breaker, was effective in improving the skin
hydration of aged rats.%

Targeted therapy aims at downregulating
genes coding for RAGE or at inhibiting signal-
ling pathways. In this respect, Plantamajosi has
proven to be protective.%

Finally, besides being a marker for AGE-
induced disease, the soluble AGE receptor, acts
as a decoy for RAGE by competitive inhibition.
Protective effects already have been proven in
diabetic and inflammation models.®

This review aims to document the influence
of AGEs on the mechanical and physiologic
properties of the skin, how they affect dermal
wound healing and scar formation in high-AGE
populations like elderly patients and diabetics,
and potential therapeutic strategies.

Methods

This systematic review consists of three phases
(Figure 1).

In phase one, we searched electronic data-
bases PubMed and Web of Science for AGEs AND
skin AND scarring OR dermal wound healing.
See box 1 and 2 for the full search terms for the
respective databases.

Phase two consisted of data collection and
data extraction. Data collection was executed
on 1 July 2016, resulting in 50 articles on
PubMed and 65 articles on Web of Science.
After deduplication, exclusion of review articles
and articles in languages other than English, 57
articles remained. A second screening selection
was based on analysis of relevant titles and
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Figure 1. Methodological flowchart.

Box 1. Search term PubMed.

Inclusion
n=25

Screening on Full Text

Inclusion
n=14

Background
n=4

Box 2. Search term Web of Science.

(‘Glycosylation End Products, Advanced [MESH] OR
‘Advanced Glycation End Products’ OR ‘Glycation End
Products, Advanced’ OR ‘Advanced Glycosylation End
Products’) AND (‘Skin” OR ‘Skin'[MESH] OR ‘Dermal’ OR
‘Skin Ageing’[MESH] OR ‘Skin Ageing’ OR ‘Photoageing’)
AND (‘Cicatrix'[MESH] OR ‘Scars’ OR ‘Scarring’ OR ‘Wound
Healing’[MESH] OR ‘Wound Healing’ OR ‘Fibrosis'[MESH]
OR ‘Connective Tissue'[MESH])

Results: 50.

abstracts. These screenings and all of the follow-
ing analyses were done by two independent
readers, to improve reliability. Articles that did
not involve all three components of the search
term — AGEs, skin and scarring or dermal wound
healing — were excluded. This resulted in 25
remaining articles. Finally, a data collection by

(‘Glycosylation End Products, Advanced’ OR ‘Advanced
Glycation End Products’ OR ‘Glycation End Products,
Advanced’ OR ‘Advanced Glycosylation End Products’)
AND (‘Skin" OR ‘Dermal’ OR ‘Skin Ageing’ OR ‘Photoageing’)
AND (‘Cicatrix’ OR ‘Scars’ OR ‘Scarring’ OR ‘Wound Healing’
OR ‘Fibrosis’ OR ‘Connective Tissue’)

Results: 65.

analysing the full text of the articles regarding
the main research question retained 14 articles
for qualitative analysis. Subsequently, data were
extracted in function of the relevant outcomes.
The primary outcome was the relation between
AGEs and the characteristics of scar tissue.
These characteristics are objectified by qualita-
tive markers, namely: scar size, contractility, pig-
mentation, signs of inflammation, pruritus and
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pain. The secondary outcome was the relation
between AGEs and wound healing and skin
characteristics and potential therapeutic strate-
gies that specifically target AGEs-related path-
ways in the skin.

The third phase consisted of reporting the
results and the drawing of relevant conclusions
in function of the research question.

Results

Results of the articles retained after data collec-
tion are shown in Table 1.

Skin and wound effects

Niu®® immunohistochemically demonstrated a
higher accumulation of AGEs in the skin of dia-
betic mice in comparison to healthy control mice.
Examination of haematoxylin and eosin—stained
sections of control and diabetic groups revealed
that the thicknesses of the dermal layers in the
diabetic abdominal skin were significantly
decreased. The epithelium of diabetic skin con-
sisted of a disordered or deficient multilayer with
fewer spinous cells. The diabetic collagen fibrils
were shortened, thinned and disorganised, with
focal chronic inflammatory cell infiltration, com-
pared with controls of the same age. The diabetic
collagen was not tightly packed and was not as
well aligned as in controls.

Tian%” demonstrated that AGE accumulation
in diabetic rat skin activated neutrophils before
injury, reducing their viability and function.
Moreover, after injury, neutrophil migration and
accumulation at the burn site were diminished
and a dense inflammatory band failed to form.
AGE deposition caused enhanced RAGE expres-
sion, delayed expression of inflammatory
cytokines and accelerated cell apoptosis.

Milk fat globule epidermal growth-factor 8
(MFG-E8), a bridging molecule between mac-
rophages and apoptotic cells, helps to resolve
inflammation, supports angiogenesis and accel-
erates wound closure. Das% showed that it is inac-
tivated in diabetic db/db mice by both
hyperglycaemia and exposure to AGEs. Clinically
this resulted in persistent inflammation and
delayed wound healing. Furthermore, topical
application of recombinant MFG-E8 induced res-
olution of wound inflammation improved angio-
genesis and accelerated wound closure.

Wound repair is dependent on fibroblast
migration, proliferation and expression of
extracellular matrix proteins. Loughlin studied
the effect of 3-deoxyglucosone (3DG)-collagen
on human dermal fibroblast migration and

adhesion.®® Results showed an alteration of
fibroblast/matrix interactions and affected
focal adhesion formation as AGEs accumulate.
3DG was found to be a factor mediating chronic
wounds observed in patients with diabetes and
the elderly by altering the signaling within the
fibroblast and inducing the misfolding of
proteins.

Diet

AGEs in foods. Yuanchang™ extensively discussed differ-
ent foods in relation to AGEs, to further analyse their
effects on wound healing. For instance, AGEs were not
detected in any fruits and vegetables, including apple,
banana, peach, orange, soybean, cabbage, lettuces and
bok choy. However, among fast foods, fried chicken
was found to have the highest content of AGEs, fol-
lowed by French fries, hamburger, fish steak, hot dog
and chicken steak. AGEs appeared to be higher in oil-
fried food and lower in steamed or stewed food. Differ-
ent cooking methods seemed to have different effects
on formation of dietary AGEs. Steaming of the food
produces fewer AGEs compared to the use of a micro-
wave or frying. Steam appeared to be the cooking that
produced the least dietary AGEs. In addition, more
AGEs are produced in pork when using the microwave,
while frying produces more AGEs in fish and eggs.

In diabetic mice, a high AGE diet increased pro-
tein-linked tissue deposition of AGEs, when com-
pared with low AGE-fed mice, whereas no increases
in AGE accumulation were observed despite pro-
longed diabetes. Comparably, high AGEfed mice
had more collagen-associated AGE accumulation
compared with those on a low AGE diet.”!

Effects of dietary glycotoxins on wound healing. Peppa®!
showed that the amount of orally ingested glyco-
toxins could alter the time and the quality of
wound healing in diabetic mice significantly.
Increased dietary AGE intake delayed the wound
closure time and interfered with angiogenesis and
granulation tissue maturation, which were in con-
trast to those associated with a low AGE-fed diet.
Oral administration of high AGE-containing foods
causes severe toxicity responses.®’ In wounded
mice, this resulted in significantly higher mortal-
ity. However, high dietary AGEs did not cause
observable toxic responses in non-wounded mice,
indicating that dietary AGEs might not have
adverse effects on healthy animals. This might be
mainly due to the sustained non-subsiding inflam-
matory responses that were significantly potenti-
ated by AGEs, causing severe systemicinflammation
in wounded mice but not in non-wounded mice.
Starting from day seven after wounding, diabetic,
high AGE-fed mice displayed delayed closure
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Table 1. Main findings of relevant articles.

Year

Authors

Sample size

Main findings

2003

Peppa, M

100

e High AGE-containing diets increased skin AGE deposits, which decreased
epithelialisation, angiogenesis, inflammation, granulation tissue deposition
and collagen organisation up to 21 days, increased contraction and delayed
wound closure

2004

Maggitti, KW

15

e Interaction of AGEs with the receptor for AGEs (RAGE) resulted in an
exaggerated inflammatory response and compromised collagen production,
which lead to impaired wound healing

o SRAGE treated wounds show increased granulation tissue area and
microvascular density

2005

Yavus, D

16

e Aminoguanidine improves wound healing, restores growth factor TGFbetal
expression and preserves collagen ultrastructure, whereas it has no
prominent effect on NO levels within wound tissue in diabetic rats

2008

Niu, YW

e Glycosylated matrix induced cell cycle arrest and apoptosis of cultured
dermal fibroblasts, whereas application of RAGE-blocking antibodies
redressed these changes

2009

Loughlin, DT

o Fibroblast/matrix interactions are altered as AGEs accumulate and affect focal
adhesion formation

e 3DG (3-deoxyglucosone) may be a factor mediating chronic wounds
observed in patients with diabetes and in the elderly by altering the signalling
within the fibroblast and inducing the missfolding of proteins

2011

Yuanchang, Z

50

e The plasma level of high mobility group box 1 (HMGB1) and its mRNA in
white blood cells were found to be significantly higher in the wounded mice
fed with high dietary AGEs than others

2012

Chen, SA

135

e The mixture of AUNP+EGCG+ALA (AuEA) significantly reduced the AGE-
induced RAGE protein expression in fibroblasts (Hs68)

2012

Niu, YW

33

e Accumulation of AGEs in diabetic skin tissue induces an oxidative damage
of fibroblasts and acts as an important contributor to the thinner diabetic
abdominal dermis, demonstrated histologically by reduced thickness with
shortened, thinned and disorganised collagen fibrils with focal chronic
inflammatory cell infiltration

2012

Zhang, Q

¢ Invivo treatment with ethyl pyruvate (EP) significantly decreased wound
HMGB1 levels (P <0.05), which was paralleled by increased wound breaking
strength (P <0.05) and wound collagen content (P <0.05)

e Invitro treatment with HMGB1 (100 ng/mL) had no effect on fibroblast
proliferation but significantly reduced collagen synthesis (P <0.05). This effect
was abrogated by co-treatment with anti-RAGE antibody

e Fibroblasts treated with AGE had lower collagen synthesis (P <0.01), which
was restored by anti-RAGE antibody treatment

2014

Pepe, D

e Gal-3, a matricellular protein upregulated in excisional skin repair and
modulator of the inflammatory phase of repair and recently shown to be
a receptor for AGEs (RAGE), decreases the accumulation of AGEs in wound
healing

2014

Kim, S

70

e TR4r downregulated the receptor of AGE (RAGE) during the wound healing
period

o After treatment, T4 improved wound healing markers such as wound
closure, granulation and vascularisation (T34 = Thymosin 34)
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Table 1. (Continued)

Year Authors Samplesize  Main findings

2016 Tian, M 36 °

of PMNs

Deposition of AGE in diabetic rat skin activates the neutrophils even before
injury. After injury, the normal physiological inflammatory reaction failed to
occur adequately because exposure to AGE inhibited the viability of PMNs,
promoted RAGE production and cell apoptosis, and prevented the migration

2016 Das, A 10 °

Hyperglycaemia and exposure to advanced glycated end products
inactivated MFG-E8, impairing efferocytosis accompanied with persistent
inflammation and slow wound closure

e Topical recombinant MFG-E8 induced resolution of wound inflammation,
improvements in angiogenesis and acceleration of closure

*These studies represent histological studies with unspecified amounts of certain media.

compared with high AGE-fed mice with lower cel-
lularity at the wound—dermis interface, consistent
with a lower inflammatory response at the wound
site. At day 14, wounds displayed sustained inflam-
mation, fewer blood vessels and a lower degree of
re-epithelialisation. In the high AGE-fed mouse
wounds, the intensity and patterns of deposited
collagen fibres were consistent with finer, less
organised collagen fibres throughout. These
wounds did not close for up to 24 days.

HMGBI or high-mobility group box 1 protein,
also known as amphotericin, has been identified as
a ‘late’ inflammatory mediator. Extracellular
HMGBI can bind to different cell surface recep-
tors, including the RAGE. Yuanchang® showed
that HMGBI has an inhibitory effect on incisional
wound healing. Wounded mice fed with higher
dietary AGEs had significantly higher expression
levels of HMGB1 mRNA in WBC and a significantly
higher HMGBI level in blood, suggesting a strong
systemic inflammatory response in the body. By
activating RAGE, HMGBI impaired fibroblast-
mediated collagen synthesis with reduced tensile
strength.

Therapeutic strategies for wound healing

The results of investigated therapeutic strategies
discussed below cover anti-AGE therapies for
wound healing only, in contrast to the therapeutic
options mentioned in the background section.

sRAGE. Using genetically diabetic C57BLks-db/
db mice, Wear-Maggitti’? applied sSRAGE, a soluble
form of RAGE, topically to standardised full-thick-
ness wounds to improve diabetic wound healing.
They measured various parameters of wound heal-
ing such as neovascularisation, re-epithelialisation,
collagen formation and granulation tissue area.
They noticed a statistically significant increase in

neovascularisation in the wounds treated with top-
ical SRAGE when compared with the control group
and also a significant increase in the quantity of
granulation tissue formed with SRAGE treatment.
Furthermore, there was a trend toward a smaller
residual epithelial gap with the sRAGE-treated
group compared with the control group, albeit not
significant. SRAGE may be a powerful treatment of
accelerating diabetic ulcer healing.

RAGE-blocking  antibodies. Niu™ demonstrated
that in diabetic skin, collagen fibrils were short-
ened, thinned and disorganised compared with
controls of the same age and the number of
RAGE-positive cells was increased in the dermal
layer. The quantity of viable fibroblasts growing
on the glycosylated matrix on the first, second
and third days was significantly reduced when
compared with fibroblasts grown on the control
matrix. Glycosylated matrix induced cell cycle
arrest and apoptosis of cultured dermal fibro-
blasts, whereas application of RAGE-blocking
antibodies reversed these changes.

Aminoguanidine. Aminoguanidine, which is an
advanced glycation and nitric oxide (NO) syn-
thase inhibitor, was evaluated in the study of
Yavus’ to investigate its effect on extracellular
matrix protein expression, collagen configura-
tion and nitrite/nitrate levels in wounds of dia-
betic rats. Aminoguanidine improves wound
healing, restores growth factor TGF-f1 expres-
sion and preserves collagen ultrastructure,
whereas it has no prominent effect on NO levels
within wound tissue in diabetic rats.

Thymosin 4 (1B4). Kim”™ evaluated the improve-
ment of healing of burn wounds by Thymosin 34 in
relation to AGEs. Intradermal treatment with T4
downregulated the expression of RAGE during the
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wound healing period and improved wound heal-
ing markers such as wound closure, granulation
and vascularisation.

Gold nanoparticles. Chen’ tested the relationship
between RAGE expression and topical application
of anti-oxidant agents with gold nanoparticles
(AuNP) in cutaneous diabetic wounds. The mix-
ture of AuNP, epigallocatechin gallate (EGCG)
and a-lipoic acid (ALA) significantly reduced the
AGE-induced RAGE protein expression in fibro-
blasts (Hs68). This combination (AuEA) signifi-
cantly accelerated diabetic cutaneous wound
healing through angiogenesis regulation and anti-
inflammatory effects. The blocking of RAGE by
anti-oxidant agents and nanoparticles may restore
effective wound healing in diabetic ulcer.

Galactin-3 (Gal-3). Matricellular protein galectin-3
has recently been shown by Pepe” to be a recep-
tor for AGEs. Where Gal-3 immunoreactivity is
reduced in the epidermis and vasculature, there is
a concomitant increase in the level of AGE stain-
ing. The inverse correlation between Gal-3 and
AGEs prevalence suggests that Gal-3 may protect
against accumulation of AGEs in wound healing,
by binding and clearing these molecules.

Ethyl pyruvate. Zhang™ studied ethyl pyruvate
(EP), a potent inhibitor of HMGBI release, in
rats who underwent full-thickness incisional
wounding. In vivo treatment with EP significantly
decreased wound HMGBI levels, which was par-
alleled by increased wound breaking strength
and wound collagen content.

Discussion

An increase of dietary AGE intake delays closure
time and interferes with angiogenesis and gran-
ulation tissue maturation in diabetic wounds.°!
The effects of this intervention are directly
related to circulating and tissue-retained AGE
accumulation, confirming that systemic effects
of toxic derivatives extend to skin tissue. In dia-
betic patients and animal models, both AGEs
and tumour necrosis factor are at higher levels,
causing high inflammatory responses and apop-
tosis of matrix-producing cells.” In skin contain-
ing higher amounts of AGEs, collagen
organisation is disrupted, causing thinning of
the skin.?® The results suggest that despite an
intact skin condition, unusual histological struc-
tures (thinner dermis and disorganised collagen
fibres), elevated MPO activity, increased MDA
content and cutaneous environmental alteration
(AGE accumulation) had already been in

existence in diabetic patients.’ Changing the
amount of orally ingested glycotoxins can alter
the time and the quality of wound healing in dia-
betic animals significantly. In vitro observation
indicated the possible relationship between dia-
betic skin disorders and the accumulation of
AGEs in diabetic skin.’® Having identified the
compromising cutaneous properties of diabetic
skin at baseline, these underlying disorders may
play an important role in the increased suscepti-
bility to injury, and atypical means of the diabetic
wound healing process including scar
formation.

Improving skin properties at baseline could
lead to a reduction in morbidity and economic
costs related to diabetes, though additional inves-
tigations into diabetic skin properties and the role
played by skin properties in diabetic wound heal-
ing are warranted. The harmful effects associated
with a high AGE diet were not limited to wound
healing; similar effects were demonstrated on
renal function, based on an albumin/creatinine
ratio, consistent with previous studies.®! Based on
these data, accelerated renal dysfunction and
delayed wound healing may be interrelated pro-
cesses in diabetes, the connecting link being an
AGE-dependentinflammatoryresponse. Moreover,
diet-originating AGEs are important determinants
of the total AGE pool and consequently of sys-
temic AGE toxicity.®! Dietary AGE lowering may,
therefore, prove to be an effective approach for
both restoring physiological wound healing and
therefore improve outcome for scarring as well as
stabilising renal function, as already suggested for
other diabetic complications.

The effects of AGEs on various dermal struc-
tures is schematically illustrated in Figure 2. An
extended search for ‘wound healing and AGEs’ was
necessary besides the initially aimed ‘scarring and
AGEs’ to include sufficient articles for qualitative
research. A lack of evidence about the effect of
AGEs on scar formation made this step mandatory.
As a consequence, most articles covered the impli-
cations of AGEs on skin-ageing or wound healing in
diabetic patients. Therefore, no absolute conclu-
sions can be made about the role of AGEs on even-
tual appearance/function of scar tissue. However,
the eventual appearance of scar tissue might be
predicted by extrapolating known effects of AGEs
on the skin and wound healing. All results suggest
that scars tend to be more rigid and contractile with
persistent redness and reduced tendency towards
hypertrophy as AGEs accumulate. Because AGEs
are present in higher amounts in the skin of
both diabetics and elderly, similar effects as seen in
diabetics would presumably be observed in seniors.
Unfortunately, these two populations have



Van Putte et al.

11

Keratinocytes

+ | Senescepicer”

+'| Proliferation’®

* 1 Apoptosis?®™

« 1 MMP#

+ | Epidermal homeostasis*?

\ 0o

ECM proteins Qo Fibroblasts
(Collagen, elastin, ...) Lot ]
sty ey « | Proliferation®®"!,
. gisr?;gigiied, shorter & o TApoptos}s”v"‘A
* 1 Stiffness®? « | ECM synthesis*!

| Signali s * 1 Protein misfolding®?
J ignalling®® . ility46
+ | Resistance to mechanical / | Contractility S0

stressors?? e ! ¢ | Dermal homeostasis
« | Collagen transformation Advanqed + | Signalling®

(Type 11T to T)562 : ; . ]

. Glyeation
/ , o

/ Products

Melanocytes

/
1 .
+ 1 Melanogenesis*®

Figure 2. Dermal effects of Advanced Glycation End Products.

somewhat different wound healing propensities.
One somewhat paradoxical advantage in elderly
patients is the ability to visually heal better than
younger patients following cutaneous surgery.®’ In
older patients, the incision lines are less red, the
scarring is less hypertrophic and ‘normalisation’ of
appearance occurs more rapidly. Nevertheless, neg-
ative age-dependent changes in the physical char-
acteristics of the skin and the wound-healing
pathway may affect the vitality and structural integ-
rity of the postoperative result.”’ These contradic-
tory findings undermine the deduction of wound
healing trends to scar formation and make investi-
gating the direct effects of AGEs on scar formation
and eventual appearance obligatory

Further investigations

On the subject of the relation between AGEs and
scars, we suggest various future studies.

o

Immune cells

Wi Proliferation®?

+ 1 Induction and
propagation of |
inflammation?*7,60.62

First, it is important to demonstrate a correla-
tion between the amount of AGEs in the skin and
scar characteristics. Different established scar
characteristics include pliability, firmness, col-
our, thickness, perfusion, size, contour, etc.
Several valid scar scoring systems exist, yet a uni-
versal scoring system is not available. However,
this would be useful to characterise better, com-
prehend, compare and treat pathological scar-
ring.!* Different methods to measure the amount
of AGE accumulation in skin are available.
Initially, measuring was done by western blot with
polyclonal antibodies or by autofluorescence on
skin biopsies.®! Therefore, the use of these meas-
urements was restricted. Recently, though, a non-
invasive AGE-reader was introduced, which can
measure the skin content of AGEs in vivo. It
uses the autofluorescent characteristics of
advanced glycation end products.?28 By combin-
ing the assessment of a valid scar assessment with
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determining the amount of AGEs in the skin, a
correlation could be established.

In a second stage, the effects of anti-AGE strat-
egies on scar characteristics can be investigated.
Known therapeutic strategies like dieting and the
use of anti-oxidative substances (e.g. topical anti-
oxidant cream) could be tested. Furthermore,
oral antidiabetic drugs (OADs) like metformin
could be assessed as metformin improves basal
blood glycaemia. Apart from the effects on the
glycaemic profile, metformin appears to improve
scar formation by targeting skin fibroblasts.?* It
has an inhibitory effect on AGEs-induced apopto-
sis in human dermal fibroblasts by regulating the
expressions of caspase-3, Bax and Bcl-2.8

Conclusion

Accumulation of AGEs in the skin has extensively
been demonstrated in both the elderly and dia-
betics. Abundant evidence supports the patho-
logical role of AGEs in ageing and wound healing
and the effectiveness of possible therapeutic
agents. However, no conclusions can yet be made
concerning eventual scar appearance because of
lack of evidence and conflicting patterns of
wound healing in diabetic versus elderly patients,
both of which have high levels of AGEs. Therefore,
more research is required to conclude the exact
role of AGE accumulation in scar formation and
scar therapy.
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