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Abstract Diabetes mellitus (DM) is becoming increasingly
prevalent worldwide. Although major complications of this
condition involve kidney, retina and peripheral nerves, the
skin of diabetic patients is also frequently injured. Hence,
interest is mounting in the definition of the structural and
molecular profile of non-complicated diabetic skin, i.e., before
injuries occur. Most of the available knowledge in this area
has been obtained relatively recently and, in part, derives from
various diabetic animal models. These include both insulin-
dependent and insulin-resistant models. Structural work in
human diabetic skin has also been carried out by means of
tissue samples or of non-invasive methods. Indications have
indeed been found for molecular/structural changes in diabetic
skin. However, the overall picture that emerges is heteroge-
neous, incomplete and often contradictory and many ques-
tions remain unanswered. This review aims to detail, as much
as possible, the various pieces of current knowledge in a
systematic and synoptic manner. This should aid the identifi-
cation of areas in which key questions are still open and more
research is needed. A comprehensive understanding of this
field could help in determining molecular targets for the
prevention and treatment of skin injuries in DM and markers
for the monitoring of cutaneous and systemic aspects of the
disease. Additionally, with the increasing development of
non-invasive optics-based deep-tissue-imaging diagnostic
technologies, precise knowledge of cutaneous texture and
molecular structure becomes an important pre-requisite for
the use of such methods in diabetic patients.
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Abbreviations

AGEs Advanced glycation endproducts

AX Alloxan

BB rats Bio-breeding rats

BM Basement membrane

cm-OCT Correlation mapping optical coherence
tomography

CYP Cytochrome P450

DM Diabetes mellitus

DTA Diphteria toxin A-chain

ECM Extracellular matrix

GFOGER Glycine—phenylanaline—hydrohyproline—
glycine—glutamic acid—arginine

GLUT4 Glucose transporter 4

HFD High-fat diet

MMPs Matrix metalloproteinases

NOD mice  Non-obese-diabetic mice

OCT Optical coherence tomography

OLETF rats Otsuka Long Evans Tokushima fatty rats

RGD Arginine—glycine—aspartic acid

SAF Skin autofluorescence

STZ Streptozotocin

TEWL Trans-epidermal water loss

TIMP Tissue inhibitor of matrix metalloproteinases

TSNO mice Tsumura-Suzuki non-obesity mice

TSOD mice Tsumura-Suzuki obese diabetic mice

UCP1 Uncoupling protein 1

General aspects of diabetes mellitus
Diabetes mellitus (DM) is a chronic and systemic condition

characterised by hyperglycaemia and severe complications
such as retinopathy, nephropathy and neuropathy (American
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Diabetes Association 2013). Clinically, the most common
forms are type 1 DM (insulin-dependent) and type 2 DM
(non-insulin-dependent, ~90 % DM), the latter of which is
associated with obesity and insulin resistance (Zimmet et al.
2001; Lam and LeRoith 2012). Prevalence of DM is constant-
ly increasing. In 2011, the total worldwide population affected
by the disease was reported to be in excess 0o 350,000,000 and
this figure will increase to around half a billion by 2030 (Lam
and LeRoith 2012). Such an order of magnitude was predicted
at the beginning of the 2000s, when DM was defined as “one
of the main threats to human health of the 21st century”
(Zimmet et al. 2001). Accordingly, DM has a high socio-
economic impact. For example, the financial burden of a
patient over the age of 65 with type 2 DM has been estimated
to be nearly double that of patients in the same age group
without type 2 DM (O’Shea et al. 2013).

SKkin involvement in DM

The skin (Fig. 1) is variably but often, affected during DM.
Reported figures indicate that about 1/3 to nearly all diabetic
patients experience cutaneous complications (Aye and
Masson 2002; Wohlrab et al. 2007; Bristow 2008; van
Hattem et al. 2008). The most severe cutaneous lesions are
chronic ulcers that form as a consequence of the poor healing
potential of diabetic skin (Falanga 2005). These can frequent-
ly become infected, thus leading to amputation (Ngo et al.
2005; Eaglstein and Callen 2009). In the Republic of Ireland
in 2009, for example, the total number of lower limb amputa-
tions specifically related to DM was 175.7 per 100,000 dia-
betic patients, compared with lower limb amputations not
related to DM, which had a frequency of 9.2 per 100,000
non-diabetic patients (Buckley et al. 2012).

A large amount of work on skin in DM has primarily been
focused on the management of the diabetic foot and on exper-
imental wound healing (e.g., Greenhalgh et al. 1990; Aye and
Masson 2002; Dinh and Veves 2005; Rodgers et al. 2006;
Schramm et al. 2006; Berdal et al. 2011; Bermudez et al. 2011;
Zhao et al. 2012). Conversely, non-injured skin in DM is
relatively understudied. As a consequence, knowledge of the
in vivo structure and molecular composition of non-injured
diabetic skin is fragmentary, most being relatively recent and
to a wide extent derived from various diabetic animal models.
This body of work provides an indication for molecular/
structural cutaneous changes in DM. However, actual
molecular/structural features of diabetic skin are currently
poorly defined and a number of questions remain unanswered.

This review will focus on the structural and molecular
knowledge of non-injured diabetic skin. It attempts to gather
various pieces of current data and to collate them systemati-
cally into a synoptic view (Tables 1, 2). This will help to
identify areas in which key questions are still open and more

@ Springer

research is needed. Other aspects, such as clinical condi-
tions of dermatologic interest associated with DM and
diabetic wound healing will only be referred to in order
to place the actual content of the review into its appropri-
ate context. For a more comprehensive overview of these
aspects, the reader can refer to a broad body of existing
literature (e.g., Greenhalgh et al. 1990; Lipsky et al. 2000;
Aye and Masson 2002; Dinh and Veves 2005; Rodgers
et al. 2006; Schramm et al. 2006; Wohlrab et al. 2007;
Bristow 2008; Larsen et al. 2008; van Hattem et al. 2008;
Berdal et al. 2011; Bermudez et al. 2011; Ragunatha et al.
2011; Zhao et al. 2012; Behm et al. 2012). The review
begins with a brief introduction to the diabetic animal
models used for skin analysis. The outcome of the indi-
vidual skin studies will then be discussed in the subse-
quent sections, in the context of the main topic, starting
from the epidermal barrier and systematically moving
(anatomically speaking) deeper in the direction of the
dermis and dermal microvessels.

Animal models used in the study of diabetic skin

Since the end of the nineteenth century, when von
Mering and Minkowski carried out the first radical pan-
createctomy on dogs (von Mering and Minkowski 1890),
a series of animal models for the study of DM have been
developed (Rees and Alcolado 2005; Chatzizgeorgiou
etal. 2009; King 2012). In this section, models that have been
used in investigations into non-injured skin in DM will be
briefly introduced. For more details and for a wider view on
the use of animal models in DM, the reader can refer to several
excellent review papers (e.g., Rees and Alcolado 2005;
Chatzizgeorgiou et al. 2009; King 2012).

Type 1 diabetes models. The generation of insulin-
dependent DM in experimental animals for skin studies has
typically been carried out by means of streptozotocin (STZ) or
alloxan (AX) treatment.

STZ treatment This drug leads to 3-cell destruction and, thus,
the animals develop insulopaenia and hyperglycaemia
(Chatzizgeorgiou et al. 2009; King 2012). However, STZ
treatment can also be followed by islet regeneration, with
obvious consequences on glycaemia and this must be taken
into account when using this model (King 2012). In studies of
non-injured skin, STZ treatment is the most frequently used
among the insulin-dependent models and has been employed
in rats (Craig et al. 1998; Kilicaslan and Ozer 2009; Chen et al.
2010; Takahashi and Takasu 2011; Tellechea et al. 2013),
mice (Sakai et al. 2003; Tellechea et al. 2013) and baboons
(Heftfernan et al. 1996).
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Fig. 1 Skin overview (a) showing a representation of general cutaneous
organisation according to Simpson et al. (2011). The skin is composed of
the epidermis and dermis separated (and united) by the epidermal base-
ment membrane (BM). The epidermis is mainly composed of
keratinocytes that organise themselves to form four layers, namely (from
the BM to the skin surface), the basal layer or stratum basale (BL),
spinous layer or stratum spinosum (SL), granular layer or stratum
granulosum (GL) and cornified layer or stratum corneum (CL or SC).
This representation gives a general orientation for Figs. 2, 3,4 and 5 in
which the skin structure is presented in more detail in the individual
regions corresponding to those in the red frames. Intercalated with
keratinocytes, other cell types are present in the epidermal layer, e.g.,
dendiritc cells (red cell). These cells extend their processes between the
keratinocytes and play an important role in host defence. For simplicity,
other cell types usually found in the epidermis (e.g., melanocytes) are
omitted; only dendritic cells are depicted here, as they will be discussed
with regard to the barrier function of skin. b—e Skin samples stained by
haematoxylin-eosin (HF hair follicles with associated sebaceous glands,
E epidermis, D dermis, S subcutis, SC stratum corneum). b, ¢ Murine
back skin. d, e Human skin, mammary region. Note that, although the
general structure of the epidermis also applies to murine skin, the layers
are much less distinct in the murine epidermis than in human skin at the
light microscope level (cf. ¢, e). In human skin at the light microscope

AX treatment This drug is also delivered to {3-cells where it
triggers their destruction (Rees and Alcolado 2005;
Chatzizgeorgiou et al. 2009; King 2012). In studies on non-
injured skin, AX treatment has been used in rabbits (Tellechea
et al. 2013) and in mice (Sakai et al. 2003; Ye et al. 2013).
However, in the paper of Sakai et al. (2003) in which both AX
and STZ models have been investigated, the results on skin

level, a basal layer can be recognised (e, white arrowhead) composed of
cuboidal cells. Towards the skin surface (just underneath the cornified
layer), a granular layer (e, black/white arrowheads) can be seen in which
the cells are flat with more intense staining in their cytoplasm attributable
to fine granula. Between the two layers, the spinous layer (intermediate
layer) has cells that are quadrangular/polygonal that tend to become flat
towards the skin surface. In the dermis of human skin, two distinct layers
can be observed at the light microscope level: a more superficial layer,
namely the papillary layer (P) and a deeper layer called the reticular layer
(R). The papillary layer contains a much finer network of fibrillar extra-
cellular matrix components, which become coarser and denser in the
reticular layer. Although also in murine skin the fibres tend to become
larger and more densely packed in the deep dermis (as seen ultrastructur-
ally), such a distinction into two layers is not obvious at the light
microscope level (cf. b, d). f Two mast cells stained by alcian blue
(arrows) between a number of other cells (mostly fibroblasts, see red
cell nuclei) in murine dermis. g, h Higher power views of papillary and
reticular dermis, respectively, of human skin (same sample as in d, e)
stained by the trichromic method to highlight the fibrous components of
the connective tissue, namely collagen (green) and elastic fibres (dark
blue/grey, arrowheads). Note the difference in size of the fibrous com-
ponents and the organisation of the overall network. Bars 30 pm

structure do not consistently refer to the AX model, whereas
they are consistently described in relation to the STZ model.
This is probably because DM induction is more complicated
following AX treatment as a result of its higher toxicity (King
2012; Sakai et al. 2003).

In general, despite being suitable for generating insulin-
dependent diabetic animals, neither model has a strong
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Table 1 Summary of the literature on the most relevant epidermal relevant in the interpretation and comparison of the results of the studies
features in diabetes mellitus (DM). The age of db/db mice is reported that use this mouse model (OLETF rats Otsuka Long Evans Tokushima
here as it is of relevance for the development of DM and might become fatty rats, STZ streptozotocin, HFD high-fat diet)

Character Effect in DM Reference Human/model (method)
Hydration state Decreased Sakai et al. 2005 Patients
Park et al. 2011 OLETEF rats
No alteration Seirafi et al. 2009  Patients
Trans-epidermal water Not altered Sakai et al. 2005 Patients
loss Seirafi et al. 2009 Patients
Sakai et al. 2003 STZ mice
Park et al. 2011 OLETEF rats

Filaggrin Alteration Thyssen et al. 2011
Normal expression Sakai et al. 2003
Park et al. 2011

Other possible signs Increased inflammatory Tellechea et al. 2013
of barrier defect infiltration
Reduced functionality of gamma- Taylor et al. 2011
delta T cells
Reduced antimicrobial peptides, Park et al. 2011

lamellar bodies, stratum corneum
lipids and corresponding

enzymes
Epidermal differentiation ~ No alteration in markers Sakai et al. 2003
Park et al. 2011
Park et al. 2011
Alterations in differentiation Taylor et al. 2011
markers
Rodgers et al. 2006
Keratinocyte proliferation No alteration Park et al. 2011
Taylor et al. 2011
Reduced proliferation Sakai et al. 2003
Chen et al. 2010
Taylor et al. 2011
Epidermal thickness No alteration Park et al. 2011

Taylor et al. 2011
Zakharov etal. 2010
Thinner epidermis Sakai et al. 2003
Chen et al. 2010
Taylor et al. 2011

Patients (genetic defects)
STZ mice (Western blot)
OLEFT rats (immunohistochemistry)

Patients and various type 1 animal models
12-week-old db/db and HFD mice

OLETF rats

STZ mice (keratin 1, 5, 10, loricrin; Western blot)
OLETF rats (involucrin, loricrin; immunohistochemistry)
OLETF rats (involucrin, loricrin; immunohistochemistry)

12-week-old db/db & HFD mice (keratin 1, 5,
E-cadherin; immunohistochemistry/Western blot)

4— to 6-week-old db/db mice (keratin 1, 2 and
keratin-associated proteins; gene array)

OLETF rats
6-week-old db/db mice
STZ mice

Human keratinocytes in vitro exposed to glycation
modified albumin

12-week-old db/db and HFD mice

OLETEF rats

6-week-old db/db mice

Patients (non-invasive optical coherence)
STZ mice

STZ rats

12-week-old db/db and HFD mice

Thicker epidermis Bertheim et al. 2002 Patients with associated marked depletion of hyaluronic acid

autoimmune component (Chatzizgeorgiou et al. 2009), which ~ used as the model of choice. Models with spontaneous auto-
otherwise characterises the vast majority of human type | DM~ immune destruction of (3-cells exist, e.g., the non-obese-
(American Diabetes Association 2013). Nevertheless, in sev-  diabetic (NOD) mouse and the bio-breeding (BB) rat. How-
eral settings that do not particularly focus on the immune  ever, although these models bear the autoimmune component
aspects of the disease, both STZ and AX models are widely  that is an important aspect of the human disease, they also
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Table 2 Summary of the most relevant dermal aspects of diabetic skin.
The age of db/db mice is reported as it is of relevance for the development
of the diabetes and also might become relevant in the interpretation and
comparison of the results of the studies that use this mouse model (ECM

extracellular matrix, 7SOD mice Tsumura-Suzuki obese diabetic mice,
STZ streptozotocin, MMP matrix metalloproteinase, 7/MP tissue inhib-
itor of matrix metalloproteinases, AX alloxan, UCPI uncoupling protein
1, DTA diphtheria toxin A)

Character

Effect on diabetic skin

Reference

Human/model/article type (method)

Skin mechanical properties

Dermal collagen organisation

Collagen type 1

Collagen types Il and V

MMP9

General proteolytic balance for
the dermal ECM

Microvascular density

Diabetic skin is
mechanically inferior

No alteration

Disorganised dermal
collagen deposition

Reduced production/deposition

Reduced gene expression
Higher gene expression

Reduced gene expression
Higher gene expression

Increase after stimulation
by age in vitro
Increased activity

Decreased gene expression
and no activity
Decreased protein level

No change in gene expression

No change in quantity
but more active

Higher

Lower

No change

Increase

Decrease

Liao et al. 2009
Bermudez et al. 2011

Ibuki et al. 2012

Heffernan et al. 1996
Tahrani et al. 2012

Tahrani et al. 2012
Ibuki et al. 2012

Craig et al. 1998

Ye et al. 2013
Bermudez et al. 2011
Tahrani et al. 2012

Rodgers et al. 2006
Bermudez et al. 2011

Rodgers et al. 2006
Bermudez et al. 2011

Fujimoto et al. 2010

Zhu et al. 2011

Takahashi and Takasu 2011
Bermudez et al. 2011

Bermudez et al. 2011
Rodgers et al. 2006
Ibuki et al. 2012
Tahrani et al. 2012

Tahrani et al. 2012
Takahashi and Takasu 2011
Ye et al. 2013

Ibuki et al. 2012
Bermudez et al. 2011

Rodgers et al. 2006

Tellechea et al. 2013

Algenstaedt et al. 2003
Schaefer et al. 2010

Artificially glycated matrix

Skin samples of patients and of 10— to
14-week-old db/db mice

TSOD mice

STZ baboon (X-ray diffraction)

Diabetic patients with no complications
(histology, light microscopy)

Diabetic patients with complications (histology,
light microscopy)

TSOD mice (scanning electron microscopy)

STZ rats
AX mice
10— to 14-week-old db/db mice

Patients; worse depletion in presence
of complications

4— to 6-week-old db/db mice
10— to 14-week-old db/db mice

4— to 6-week-old db/db mice
10— to 14-week-old db/db mice

Commercially available human keratinocytes
HacCat cells

STZ rats

10— to 14-week-old db/db mice

10— to 14-week-old db/db mice and patients
4— to 6-week-old db/db mice

TSOD mice, subcutis

Patients

Patients, activation of MMP 1, 2, 9
(see also above), reduced levels of TIMP1

STZ rats, higher activity of MMP2, 9 and of
hyaluronidase

AX mice, increased expression of MMP13
and decreased expression of TIMP1

TSOD mice, subcutis; due to increased
expression of MMP2, 14

10— to 14-week-old db/db mice, depletion of
MMP9 (see above) and increased TIMP1

4—to 6-week-old db/db mice, no change in
expression of relevant genes (array)

Patients and various type 1 animal models
(immunohistochemistry)

UCP1/DTA mice (in vivo microscopy)
UCP1/DTA mice (in vivo microscopy)
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Table 2 (continued)

Character Effect on diabetic skin

Reference

Human/model/article type (method)

Ngo et al. 2005

Review

No change Aecllen et al. 2012 Patients (in vivo capillaroscopy)

Schramm et al. 2006 Review

Microvascular wall Thickening Banson and Lacy 1964; Patients
Moore and Frew 1965;
Braverman and Keh-Yen 1984;
Braverman et al. 1990
Dinh and Veves 2005; Reviews
Ngo et al. 2005;
Schramm et al. 2006
Kiligaslan and Ozer 2009; STZ rats

Chen et al. 2010

have significant limitations, such as high maintenance costs
(both models), low predictability of the development of dia-
betes in NOD mice or severe leucopaenia in BB rats
(Chatzizgeorgiou et al. 2009; King 2012).

Type 2 diabetes models . The following section will briefly
describe the insulin-resistant diabetic models that have been
used to study the structure and molecular composition of non-
injured skin in DM.

The mutant db/db mouse The db/db mouse has a spontaneous
mutation in the leptin receptor gene. This mutation, when
homozygous, on the genetic background C57BLKS/J, causes
a phenotype that resembles many aspects of insulin-resistant
DM in humans. Mice gradually lose sensitivity to insulin
(around 2 weeks of age) and become hyperphagic, with obe-
sity becoming evident at about 4 weeks of age. At 4-8 weeks
of age, homozygous mutants develop hyperglycaemia. Other
features include hyperinsulinaemia, polyuria, polydipsia, neu-
ropathic and cardiovascular complications and poor wound
healing. At about 20 weeks of age, health deterioration is
severe and total life expectancy is about 8—10 months (http://
jaxmice.jax.org/strain/000642.html; Greenhalgh et al. 1990;
Kobayashi et al. 2000; Chatzizgeorgiou et al. 2009; Taylor
etal. 2011; King 2012). This model has been extensively used
in studies of experimental diabetic wound healing for many
years (Greenhalgh et al. 1990; Rodgers et al. 2006; Berdal
et al. 2011; Bermudez et al. 2011; Zhao et al. 2012). In
structural studies of non-injured skin, this mouse model has
been examined in three studies (Rodgers et al. 2006;
Bermudez et al. 2011, and Taylor et al. 2011).

High-fat diet The high-fat diet (HFD) model generally in-
volves placing C57BL/6 mice on a diet in which approximate-
ly 58 % of the caloric intake is derived from fat (King 2012).
This leads to weight gain, insulin resistance and ultimately
glucose intolerance (King 2012). A similar approach has been
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adopted in the only investigation performed on skin samples
from obese HFD mice (Taylor et al. 2011).

Otsuka Long Evans Tokushima fatty rats Otsuka Long Evans
Tokushima fatty (OLETF) rats were generated by selective
breeding at the Tokushima Research Institute in Japan. In this
model, male rats are more likely to develop DM than females
(Rees and Alcolado 2005; Chatzizgeorgiou et al. 2009; King
2012). Susceptibility loci have been located on chromosomes
1,7, 14 and X (Rees and Alcolado 2005) possibly explaining
why males are more prone to the disease than females. Insulin-
resistant DM starts to develop at around 4—5 months of age
and is characterised by polyphagia, hypercholesterolemia,
high blood triglycerides and hyperinsulinemia, all of which
are accompanied by mild obesity (Rees and Alcolado 2005;
Chatzizgeorgiou et al. 2009; King 2012). The initial phase of
infiltration and destruction of pancreatic islets is followed by a
hyperplastic phase, which after about 40 weeks of age evolves
into a fibrotic stage (King 2012). Renal malfunction has also
been reported for this rat strain (King 2012). With regard to
non-injured skin analysis, this rat strain has been used in one
study (Park et al. 2011).

Tsumura-Suzuki obese diabetic mice The Tsumura-Suzuki
obese diabetic (TSOD) mouse (Suzuki et al. 1999) is a spon-
taneously obese in-bred mouse strain in which male mice also
develop insulin-resistant DM (Hirayama et al. 1999; Suzuki
etal. 1999). When this strain was generated, progeny from the
same ancestors were obtained that did not develop obesity and
diabetes. This strain was named the Tsumura-Suzuki non-
obesity (TSNO) mouse and represents the control for studies
on TSOD mice (Hirayama et al. 1999; Suzuki et al. 1999;
Ibuki et al. 2012). At 4 weeks of age, male TSOD mice
develop a progressive and significant increase in body weight
and in glucose intolerance followed by hyperinsulinaemia
(Hirayama et al. 1999). Several other phenotypic aspects of
TSOD mice have been reported. At 12 weeks of age, TSOD
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mice have a significantly higher body weight, subcutaneous
fat level and fasting glucose than TSNO mice (Ibuki et al.
2012). High non-fasting glucose levels have been reported at
13 weeks of age and progressively increasing levels have been
measured at 16 and 24 weeks (Hirayama et al. 1999). lizuka
et al. (2005) performed extensive analysis at 6, 12 and
18 months of age and reported several features of DM in
TSOD compared with TSNO mice, including nephropatic
and neuropathic complications (lizuka et al. 2005). The reason
why TSOD become diabetic whereas the other in-bred strain
(TSNO) does not is not fully understood. However, TSOD
mice have altered gene expression of hypothalamic neuropep-
tides and a reduction in nucleobindin 2 protein levels com-
pared with TSNO mice (Miyata et al. 2012) and altered
hepatic CYP expression (Kudo et al. 2009). Additionally, in
response to insulin stimulation, TSOD mice have a reduced
ability to translocate GLUT4 to the membrane in skeletal
muscle and adipose cells (Miura et al. 2001). Finally, a genetic
analysis performed on TSOD mice has revealed the presence
of three major loci associated with DM on chromosomes 1, 2
and 11 (Hirayama et al. 1999). DM in TSOD mice does not
progress to high levels of severity and these mice retain
normal life expectancy and fertility (Hirayama et al. 1999).
One structural study on non-injured skin has examined this
model (Ibuki et al. 2012).

UCP1/DTA mice These mice were generated by the selective
expression of the diphtheria toxin A (DTA) chain in brown
adipose tissue under the control of the uncoupling protein 1
(UCP1) promoter. This results in brown adipose tissue deple-
tion and obesity (Lowell et al. 1993). During the second post-
natal month, mice develop hyperphagia, followed by obesity
and high levels of cholesterol, triglycerides, glucose and insulin,
although they retain fertility (Lowell et al. 1993). UCP-DTA
mice have been used in two studies related to skin vasculature
in DM (Algenstaedt et al. 2003; Schaefer et al. 2010).

The epidermal barrier in diabetic skin

An ongoing discussion relates to whether diabetic patients are
more susceptible to infections and/or to a worse outcome of
such diseases. Indeed, comorbidity might contribute to the
higher infection risk in DM, even though its impact is difficult
to assess (Jackson 2005; Knapp 2012). However, a number of
large studies conducted in the United States, Canada, Australia
and The Netherlands suggests that diabetic patients do indeed
have a higher risk of infectious diseases, higher mortality and
higher frequency of complications and hospitalisation attribut-
able to infections (Geerlings et al. 2000; Shah and Hux 2003;
Muller et al. 2005; Hamilton et al. 2013; Suaya et al. 2013).
Moreover, success in treating Staphylococcus aureus infections
by vancomicin and linezolid is less likely in diabetic patients

compared with non-diabetic subjects (Lipsky et al. 2011).
Interestingly, the level of Staphylococcus aureus has been
reported to increase in non-lesional skin of the plantar surface
of the feet of diabetic patients when compared with non-
diabetic individuals (Redel et al. 2013) and that its cutaneous
tropism is facilitated by an epidermal barrier defect (Wanke
et al. 2013). Therefore, the question arises as to whether DM is
associated with damage to the epidermal barrier (Fig. 2).

The diabetic condition does not seem to increase trans-
epidermal water loss (TEWL) in patients (Koivukangas et al.
1999; Sakai et al. 2005; Seirafi et al. 2009). In particular, Sakai
etal. (2005) reported that a decreased state of skin hydration is
associated with high fasting plasma glucose but not with an
increase in TEWL; they concluded that dehydration is asso-
ciated with the state of hyperglycaemia but not with a defect in
the epidermal barrier (Sakai et al. 2005). Interestingly, the
same authors also reported a decrease in TEWL in association
with higher levels of glycated haemoglobin and concluded
that this is an effect of ageing unrelated to DM (Sakai et al.
2005). The authors also correlated lipid alterations in the
stratum corneum with ageing and suggested that
hyperglycaemia accelerates dehydration, which would other-
wise occur in ageing and that sebum alterations probably
contribute to this effect (Sakai et al. 2005). Interestingly, a
more recent study reported that, whereas a decrease in sebum
levels occurs on the forehead of diabetic patients, no alter-
ations occur in the hydration status of the skin of diabetics
(Seirafi et al. 2009). Possibly, climatic circumstances and the
ethnic backgrounds of the patients examined in the two stud-
ies account for these discrepancies. However, given the lack of
increase in TEWL in non-injured skin of diabetic patients, the
conclusion was drawn, in both studies, that no barrier defect
occurs in DM (Sakai et al. 2005; Seirafi et al. 2009).

Interestingly, in human skin, an association between
genetic defects in filaggrin (a component of the
epidermal barrier; McAleer and Irvine 2013) and diabetes
has been made among the Danish population (Thyssen
et al. 2011). This suggests a possible barrier defect in
humans and contradicts the above studies. In support of
this notion, a recent study that analysed, for the first time,
the level of inflammation in diabetic skin, reported in-
creased cellular infiltration in samples of human skin
(both type 1 and 2 DM) and in samples of various animal
models of insulin-dependent DM (Tellechea et al. 2013).
This obviously suggests that a more permissive barrier in
DM exists, rather than an unaltered one. However, no
structural studies have ever been performed in human
diabetic skin to address the issue of the barrier specifical-
ly. In contrast, some structural work has been carried out
in rodents (STZ mouse, Sakai et al. 2003; OLETF rat,
Park et al. 2011). Both these studies reported normal
filaggrin expression and higher dehydration of the stratum
corneum of the diabetic animals without a significant
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Fig. 2 Structural basis of the epidermal barrier. a Representation of the
upper layer of the epidermis (granular layer and cornified layer) with
lamellar bodies, lipid release to the surface and tight junctions that are
attached to the actin cytoskleleton. b Representation of the structure of
tight junctions and their components in skin (according to Proksch et al.
2008; Simpson et al. 2011). The epidermal barrier prevents evaporation
(inside-out barrier) and penetration of microbes and chemicals (outside-in
barrier). Penetration is counteracted by a series of features of the skin
(acidic pH of the surface, the presence of commensals and antibacterial
components and the continuous shedding of corneocytes). These features
complement the cellular barrier (keratinocytes, which are able to respond
to microbial contact by upregulating expression of antibacterial peptides
and immunocompetent cells that reside in the epidermis between
keratinocytes and that act as sentinels contributing to the antimicrobial
barrier) and specialised structures such as the hydrophobic barrier created
by the lipids that seal the spaces between the cornel scales in the cornified

increase of basal TEWL (Sakai et al. 2003; Park et al.
2011). Whereas Sakai et al. (2003) concluded that the
diabetic condition does not determine epidermal barrier
injury, Park et al. (2011), in the type 2 rat model, reported
additional structural alterations that might be indicative of
a defective epidermal barrier. Specifically, they described
a reduction in lamellar bodies and in lipids of the stratum
corneum, with marked decreases in the synthesis of cho-
lesterol and fatty acids and a corresponding decrease in
expression for rate-limiting enzymes for epidermal lipid
synthesis (Park et al. 2011). These findings were

@ Springer

layer (stratum corneum) and the tight junctions of the granular layer (JAM
junction adhesion molecule, ZO zonula occludens protein). Tight junc-
tions and stratum corneum lipids not only provide a protection against
penetration but also prevent evaporation (inside-out barrier). Adherens
junctions and desmosomes (see Fig 3) participate in this function (Mad-
ison 2003; Brandner 2007; Proksch et al. 2008; Nestle et al. 2009;
Kirschner et al. 2010; MacLeod and Havran 2011; Kirschner and
Brandner 2012; Romani et al. 2012; Gallo and Nakatsuji 2011; Harder
etal. 2013; Sugawara et al. 2013). c—e Transmission electron microscopy
images of murine skin depicting corneal scales of the stratum corneum
(SC) and the lipidic material deposited between the scales (arrowheads).
The lipids are stored intracellularly in the form of lamellar bodies (e, LB)
and released at the surface (e, asterisk) between the corneal scales (see
also a; 7/ tight junctions, D desmosomes). Bars 500 nm (¢), 100 nm (d),
500 nm (e)

complemented by a decrease in antimicrobial peptides
and delayed barrier recovery after tape stripping of the
epidermis in the diabetic rats; both effects are more pro-
nounced in animals with higher glycated haemoglobin
(Park et al. 2011). These data suggest impairment of the
epidermal barrier, damage that can even be present in the
absence of increased basal TEWL.

Normal TEWL is not, indeed, synonymous with a healthy
skin barrier. In contrast, TEWL is one of the parameters that
can be measured to identify potential barrier disruptions
(Proksch et al. 2008). Specifically, the superficial layers of
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the epidermis not only prevent evaporation but also act as a
barrier to penetration and, as such, perturbation of the latter
might not be reflected in TEWL measurements (Proksch
et al. 2008). Moreover, TEWL is not only dependent on
barrier disruption but also on other factors such as gender,
age, location, diurnal and seasonal variations (Black et al.
2000; Chilcott and Farrar 2000) and, most importantly, blood
flow (Proksch et al. 2008), which is notoriously compromised
in diabetic skin (Rendell et al. 2003; Schramm et al. 2006; Ngo
et al. 2005; Dinh and Veves 2005). In other words, a healthy
cutaneous blood flow is a necessary driving force to promote
evaporation, which in turn is prevented or limited by the
epidermal barrier. Therefore, in DM, even in the presence of
a defective epidermal barrier, increased TEWL might not be
manifest because of defective cutaneous circulation. For this
reason, the lack of increased TEWL should not be taken as an
absolute indicator for barrier function in DM.

Unaltered TEWL accompanied by structural defects in the
barrier also occurs in senescent human skin. Here, combined
alterations in sweating, cutaneous blood flow and temperature
might affect TEWL, thus masking barrier defects, which are
visible at a structural level (Ghadially et al. 1995). Likewise,
in the Filaggrin null mouse, although TEWL is unaltered, a
more permissive barrier to penetration is present (Kawasaki
etal. 2012).

These considerations raise two fundamental questions: (1)
whether, in human diabetic skin, other possible signs of a barrier
defect might indeed exist, as is the case in the rat and (2) whether
signs of barrier damage might be masked by the defective
cutaneous microcirculation, as is the case in senescent skin.

Other important signs of barrier defect in OLETF rats in-
clude reduced levels of antimicrobial peptides (Park et al.
2011). In other diabetic models (db/db mouse with overt DM
and HFD mouse), Taylor et al. (2011) reported defects in
epidermal gamma-delta T cells. Given that gamma-delta T cells
carry out their antimicrobial action at the front line of the
epidermal barrier (Nestle et al. 2009; MacLeod and Havran
2011), defects in these cells might provide a further sign of
barrier deficit. Finally, another important structural element of
the epidermal barrier is the presence of functional tight junc-
tions in the epidermis (Brandner 2007; Kirschner et al. 2010;
Kirschner and Brandner 2012). Nothing is known about cuta-
neous tight junctions in DM. The fact that these structures are
generally associated with the prevention of excessive evapora-
tion (Brandner 2007), which has been reported not to occur in
DM, might be a reason for the lack of interest shown in tight
junctions in diabetic skin. However, as discussed above, unal-
tered TEWL in DM might not exclude other barrier defects and,
to further complicate the scenario, the direct correlation be-
tween TEWL and epidermal barrier function has been
questioned (Chilcott et al. 2002). Additionally, claudin-1 defi-
ciency in mice is detrimental not only to epidermal tight junc-
tions but also to the overall organisation of the upper epidermis

(Sugawara et al. 2013). All these considerations suggest that the
situation is intricate and that an assessment of cutaneous tight
junctions in DM might add valuable elements to the overall
discussion of the integrity of the epidermal barrier.

In summary, the functional status of the epidermal
barrier in DM still needs to be fully clarified. Whereas
a consensus seems to have been reached regarding the
absence of excessive TEWL in DM, signs of barrier
damage have been reported. Elucidation of the integrity
of the epidermal barrier might improve our understanding of
the risk of infection in DM.

Stability of junctional complexes and physical integrity
of the epidermis in DM

The physical integrity of the epidermis is an important pre-
requisite for all skin functions. Junctional structures (Figs. 3, 4)
connect keratinocytes with each other and to the basement
membrane (BM), thus ensuring integrity and stability of the
epidermal layer. Diabetic patients can experience a non-
inflammatory blistering condition known as bullosis
diabeticorum or diabetic bullae. These blisters occur spontane-
ously, i.e., without apparent trauma, mostly on the lower limbs
and the separation can be intra- or subepidermal (Lipsky et al.
2000; Aye and Masson 2002; Ngo et al. 2005; Wohlrab et al.
2007; Bristow 2008; Larsen et al. 2008; Van Hattem et al. 2008;
Behm et al. 2012). This condition has also been described in a
pre-diabetic state (Lopez et al. 2009). Blistering in DM is
generally considered to be rare, self-resolving and benign,
affecting only about 0.5 % of diabetic patients (Aye and
Masson 2002; Ngo et al. 2005; Wohlrab et al. 2007; Bristow
2008; Van Hattem et al. 2008; Ragunatha et al. 2011; Behm
et al. 2012). However, despite this relatively small percentage,
given the worldwide dimension of DM, diabetic bullae might
nevertheless affect two and half million people by 2030. In any
case, their rarity and harmlessness have been questioned, as
severe consequences such as chronic and necrotic ulcerations
have been reported (Lipsky et al. 2000; Larsen et al. 2008).
Although the aetiology of this condition is unknown, a
microvascular cause is suspected (Ngo et al. 2005). Alterna-
tively, as reported by Bristow (2008), diabetic patients might
intrinsically have lower epidermal stability. Cadherin disar-
ray has been reported in diabetic mice (Taylor et al. 2011).
Likewise, a reduction in the gene expression of type XVII
and type IV collagen has been reported in normal skin of
young db/db mice at a pre-diabetic or early diabetic stage
(Rodgers et al. 2006). These two collagen types are typical
components of hemidesmosomes and of the BM, respective-
ly (Quondamatteo 2002; Gordon and Hahn 2010; van
Agtmael and Bruckner-Tuderman 2010; Behrens et al.
2012). However, no studies have examined the fine structure
of'the cellular junctions and of the dermal epidermal junction
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Fig. 3 Intercellular connections of the intermediate epidermal layers. a
Representation of the intermediate epidermal layer (spinous layer). Me-
chanically stable intercellular connections are primarily provided by
desmosomes linked intracellularly to the tonofilaments (grey). The cell
membrane located between desmosomes contains adherens junctions that
form a belt-like cell-cell junction connected intracellularly with the actin
cytoskeleton (orange dashed line) that contribute to the maintenance of
the epidermal structure (Vasioukhin et al. 2001; Simpson et al. 2011). b
Representation of adherent junctions (i) and desmosomes (i7 ) and of their
molecular components (according to Simpson et al. 2011). c—e Electron
micrographs of murine skin showing cell-cell borders of keratinocytes (N

in diabetic skin as yet. Moreover, reduced deposition in
heparan sulphate proteoglycan, i.e., another fundamental
BM component (Quondamatteo 2002; Behrens et al. 2012),
has been described in the epidermal BM of diabetic patients
with nephropathy (van der Pijl et al. 1998). However, its
depletion in the dermal-epidermal junction of diabetic
patients has been reported to be more a result of the
nephropathy itself rather than of the diabetic condition
(van der Pijl et al. 1998). Interestingly, subepidermal
blisters in diabetic patients are often associated with
the occurrence of nephropathy (Ngo et al. 2005).

Indeed, some molecular signs related to structures
contributing to epidermal stability have been described.
However, whether corresponding structural defects that
pre-dispose to a less stable epidermis also occur in DM
is unknown.
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nuclei of keratinocytes) from the intermediate layers of murine epidermis
(equivalent of the spinous layer). Desmosomes are evident (arrows) and
tonofilaments (7F) converge onto them forming an inner dense plaque
(d, asterisk). The darker line near the inner dense plaque is the outer
dense plaque (open arrowheads). According to the current model, this is
the location at which the cytoplasmic domains of desmosomal cadherins
(desmoglein and desmocollin) interact with desmoplakins via binding to
plakophilin and plakoglobin (Desai et al. 2009). The portions of the
membrane between two desmosomes are covered by adherent junctions
(solid arrowheads). Bars 500 nm (c¢),100 nm (d, e)

Keratinocyte proliferation, epidermal thickness
and Keratinocyte differentiation in DM

As mentioned previously, neither OLETF rats (Park et al.
2011) nor STZ-treated mice (Sakai et al. 2003) show
alterations in cutaneous filaggrin in their diabetic skin.
The above studies have further examined additional dif-
ferentiation markers such involucrin and loricrin
immunohistochemically (Park et al. 2011) or keratin-1,
-5 and -10 and loricrin by Western blotting (Sakai et al.
2003). Apart from some aberrant reactivity of the anti-
loricrin antibodies with small peptides in the stratum
corneum extracts of STZ-treated mice at 10 and 80 weeks
(Sakai et al. 2003), neither study has found substantial
alterations in such differentiation parameters (Sakai et al.
2003; Park et al. 2011).
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In addition, Park et al. (2011) described normal
keratinocyte proliferation and normal epidermal or dermal
thickness in OLETF rats. In contrast, in two insulin-
dependent models, i.e., STZ-treated mice (Sakai et al. 2003)
and rats (Chen et al. 2010), a thinner epidermis has been
measured. The authors also reported lower keratinocyte pro-
liferation rates in diabetic mice in vivo (Sakai et al. 2003) as
well as reduced proliferation in vitro when keratinocytes were
exposed to glycation-modified albumin (Chen et al. 2010).

Similarly, thinner epidermis and reduced keratinocyte pro-
liferation (plus poorly organised epidermis with fewer
keratinocytes) have also been described in type 2 models
together with a pathological distribution and a reduction in
staining and in protein content of E-cadherin, and perturba-
tions in keratin-5 and keratin-1. These include a pathological
distribution and altered protein levels, namely an increase in
keratin-1 and decrease in keratin-5, of which only the alter-
ation of keratin-1 is statistically significant (Taylor et al.
2011). All these alterations described by Taylor et al. (2011)
affect the db/db mouse at 12 weeks of age (i.e., at an age at
which these mice are obese and have overt DM) and in HFD
mice. Conversely, the lean non-diabetic controls or younger
(6-week-old) db/db mice at an age at which DM is just starting
to develop do not show such alterations (Taylor et al. 2011).
An earlier study has reported increased gene expression for
several keratin-associated proteins, and for keratin-2 and
keratin-1 in db/db mice at 4-6 weeks of age (Rodgers et al.
2006). This stage corresponds to the young, pre- or early
diabetic mice, investigated by Taylor et al. (2011), in which
the amount of keratin-1 deposition is not altered. A possible
explanation for this is that keratin-1 gene expression is upreg-
ulated at an early diabetic stage (Rodgers et al. 2006) and
abnormal deposition becomes manifest later (Taylor et al.
2011). These data argue for defective keratinocyte differenti-
ation in vivo in DM, at least in the db/db mouse.

In contrast, data on epidermal thickness and keratinocyte
differentiation in diabetic human skin are scarce. Patients
suffering from type 1 DM with various degrees of limited
joint mobility showed a tendency to have a thicker epidermis
on the dorsum of the hand, although statistically significant
differences were only seen between controls and diabetic
samples with a marked depletion of dermal hyaluronic acid
(Bertheim et al. 2002). Conversely, a more recent study of
patients who had well-controlled type 1 DM and in whom
epidermal thickness was measured non-invasively, did not
reveal any significant alteration (Zakharov et al. 2010).

Dermal extracellular matrix in DM
Most of the available knowledge on the dermal extracellular

matrix (ECM; Fig. 5) in DM is based on collagen alterations
and on the formation of advanced glycation endproducts

(AGESs). These are pathological cross links that might origi-
nate from high glucose exposure and might or might not need
oxidation to be formed in tissue. Collagen molecules are
preferential targets for such modifications because of their
slow turnover rates and high content in lysine residues (Paul
and Bailey 1996; Wells-Knecht et al. 1997; Sell et al. 2005;
Monnier et al. 2005; Avery and Bailey 2006; Monnier et al.
2008; Tessier 2010; Kennett et al. 2011).

As has been known for at least the past 20 years,
glycation of collagen fibrils alters their organisation
in vitro (Bai et al. 1992). More recently, a glycated colla-
gen matrix has been shown to be more rigid, mechanically
inferior and more brittle than a non-glycated collagen
matrix (Liao et al. 2009). Accordingly, diabetic skin
(ex vivo) is generally less mechanically stable when com-
pared with its control counterpart, as shown in studies in
human and db/db mice (Bermudez et al. 2011) and in
TSOD mice (Ibuki et al. 2012).

Therefore, the general consensus is that the mechanical
competence of the dermis is reduced in diabetes and that
glycation of fibrillar collagen contributes to this reduction.
Conversely, knowledge of the expression and deposition of
dermal collagen in DM and therefore of its potential impact on
the altered mechanical properties of diabetic skin is poorly
defined.

Whereas in a baboon model of type 1 DM, no alteration of
skin collagen organisation was found after X-ray diffraction
analysis (Heffernan et al. 1996), several other groups have
described various alterations in collagen in other examined
animal models and in human skin. Depletion of type I
procollagen in human leg skin has been reported in diabetic
patients, both in the absence and in the presence of complica-
tions, with depletion being worse in patients with ulcers
(Tahrani et al. 2012). Additionally, unlike for diabetic controls
(i.e., patients with DM but no complications), significant
disarray of the dermal collagen bundles has been reported
after light microscopic analysis of the skin of patients with
ulcers (Tahrani et al. 2012). A generally disorganised dermis
has also been visualised by scanning electron microscopy of
diabetic skin of 12-week-old TSOD mice with smaller and
less dense fibres (Ibuki et al. 2012). These data, in addition to
indicating pathological deposition, also indicate collagen re-
duction in diabetic skin. In agreement with this, a significant
reduction in hydroxyproline content has been described in
STZ-treated rats in which reduced collagen synthesis and
reduced gene expression for type I collagen have also been
reported (Craig et al. 1998). Similarly, decreased expression
and production of dermal collagen has recently been described
in AX-treated mice with overt DM and also in mice with
blood glucose fluctuations (Ye et al. 2013). In contrast, with
regard to type I collagen, Bermudez et al. (2011) described a
decrease in content associated with increased gene expression
in db/db mice. In their investigation, the decreased deposition
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Fig. 4 Dermal epidermal junction (DEJ). a, b Representations of the
DEJ (a) and of the molecular structure of its main components (b),
according to Simpson et al. (2011). The epidermal basement membrane
(BM) is the central structure of the DEJ. It has a lamina densa (LD), which
is connected to the cellular layer via the lamina rara (LR) and to the
underlying connective tissue via the lamina fibroreticularis (LFR). Adhe-
sion of basal keratinocytes to the basement membrane is primarily en-
sured by hemidesmosomes (containing 634 integrins) and by sets of
additional basement membrane receptors (e.g., 31 integrins) located in
the basal aspect of the cell membrane of basal keratinocytes and between
the hemidesmosomes. Hemidesmosomes are connected intracellularly to
the tonofilaments (grey lines) and thus to desmosomes, whereas 31
integrins are connected intracellularly to the actin cytoskeleton (orange

of type I collagen is also accompanied by an increased depo-
sition of type III collagen in diabetic skin, resulting in a
reduced collagen I/III ratio (Bermudez et al. 2011). A lower
I/II collagen ratio has been associated with reduced connec-
tive tissue stability, as indicated by studies on hernias (Klinge
et al. 2006) and, in agreement with this, the presence of type
III collagen has been associated with smaller collagen fibrils
in developing tendon (Birk and Mayne 1997). In this context,
the finding of Bermudez et al. (2011) of the reduced collagen
I/III ratio might also contribute to explaining the lower me-
chanical stability of diabetic skin. This further suggests that
the reduced mechanical competence of diabetic skin is not
solely caused by collagen glycation and AGE formation.
Additionally, the finding that a decrease in type I collagen
content is associated with higher gene expression and lower
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dashed lines) and thus to adherent junctions. For simplicity, other BM
receptors (e.g., dystroglycan) have been omitted. The lower aspect of the
BM is connected to the dermal collagen via anchoring fibrils (rich in type
VII collagen), which form the LFR (Brakebusch et al. 2000; Vasioukhin
et al. 2001; Krieg and Aumailley 2011; Desai et al. 2009; van Agtmael
and Bruckner-Tuderman 2010; Simpson et al. 2011). c—e Electron mi-
crographs of murine skin showing the DEJ at various levels of magnifi-
cation (HD hemidesmosomes, solid arrowheads lamina rara of the
epidermal basement membrane, open arrowheads lamina densa of the
epidermal basement membrane, AF anchoring fibrils penetrating into the
dermis and forming the lamina fibroreticularis, 7F tonofilaments, C
caveolae). Bars 500 nm (c), 100 nm (d, e)

matrix proteolysis (Bermudez et al. 2011) indicates that a
primary defect in the deposition of collagen I occurs in
DM. As a consequence of the reduced ECM deposition,
proteolytic activity will be slowed or stopped and com-
pensatory gene expression will be triggered. This sce-
nario however will not apply to other studies that, in
addition to a reduction of dermal collagen, have also
described lower collagen I expression (Craig et al.
1998; Ye et al. 2013). Notably, the last-mentioned stud-
ies have involved insulin-dependent models, whereas
Bermudez et al. (2011) investigated the db/db mouse,
which is insulin-resistant. This raises the question as to
whether differences in the homeostasis of collagens
might exist between insulin-dependent and insulin-
resistant DM.
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dermis

Fig. 5 Dermis. a Representation of an overview of the dermis after
ultrastructural analysis by transmission electron microscopy. The extra-
cellular space in the dermis is rich in collagen fibrils (CF). Most of the
represented cells are fibroblasts (F). Other frequent extracellular struc-
tures are elastic fibres (EF) and microfibrils (not shown) possibly asso-
ciated with elastic fibres or in a non-associated state (B} blood vessel,

Bermudez et al. (2011) also described the increased
expression of collagen III and V in the skin of the diabetic
mouse. In another study on the same mouse model (db/
db), Rodgers et al. (2006) noted reduced gene expression
for various collagens, including I, III, V, VI and XIV
(Rodgers et al. 2006). Notably, whereas the db/db mice
studied by Rodgers et al. (2006) were aged 4—-6 weeks,
corresponding to an early or even pre-diabetic stage, the
age group investigated by Bermudez et al. (2011), was
10-14 weeks, i.e., an age when the diabetic condition is
obvious. This could explain some of the differences in
gene expression seen in the two laboratories.

As mentioned above, Rodgers et al. (2006) also found
reduced gene expression of type XIV collagen. This is a
fibril-associated collagen (Krieg and Aumailley 2011;
Gordon and Hahn 2010) thought to participate in the con-
trol of the size of collagen fibrils by preventing the fusion
of fibrils (Gordon and Hahn 2010). Therefore, a drop in the
expression of a negative regulator of collagen fibre

MC mast cell, BM epidermal basement membrane). b, ¢ Electron micro-
graphs of murine skin showing typical dermal structures (F fibroblasts,
CF collagen fibrils, MF microfibrils, £ amorphous elastin core of elastic
fibres composed of elastin and flanked by MF). The microfibrils might
also be non-associated to elastic fibres (MC mast cell). Bars 500 nm (b),

2 pm (c)

thickness (such as type XIV collagen) would seem to
contradict the presence of thin fragile collagen fibres as
described in the diabetic TSOD mouse (Ibuki et al. 2012).
This might further complicate the issue of the regulation of
collagen deposition and expression in diabetic skin.

Taken together, although AGEs surely play a prominent
role in the collagen damage in the diabetic skin, this body of
literature suggests that the deregulation of mechanisms of
transcription and the deposition of fibrillar collagens in the
dermal matrix also contribute to the poor mechanical compe-
tence of skin in DM.

The effects of AGE formation on the ECM however go
beyond alterations of a biomechanical nature. Cross links such
as glucosepane might also involve arginine residues and these
latter could be part of the RGD (arginine—glycine—aspartic
acid) or GFOGER (glycine—phenylanaline—hydrohyproline—
glycine—glutamic acid—arginine) domains of ECM proteins
(Monnier et al. 2005; Sell et al. 2005; Avery and Bailey 2006;
Monnier et al. 2008). Given that such residues are known
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ECM protein sequences recognised by integrins (Leitinger
and Hohenester 2007; Barczyk et al. 2010), their alteration
might interfere with ECM/integrin interactions and, ultimate-
ly, with the biological effects of dermal ECM. This obviously
opens a new avenue of interest in the study of the dermal
matrix in DM. A notion that has become increasingly obvious
in the ECM field over the past 20 years is that the biological
function of the ECM depends more on the overall mixture and
interactions of matrix components and thus on the
suprastructure of the matrix, rather than on the individual
and possibly more abundant components (Bruckner 2010).
Hence, molecules considered to be “minor” might be of
crucial importance and might be determinants of differential
functions between two otherwise similar matrices (Bruckner
2010). For a comprehensive understanding of the biological
role of the ECM in a given compartment (e.g., the dermis),
investigations of its detailed composition are therefore funda-
mental. This becomes even more relevant in the dermal ECM
in diabetes, given that the diabetic condition is able to interfere
with the ECM-integrins interactions and thus with the biolog-
ical action of the dermal ECM. Therefore, a thorough under-
standing of the dermal matrix in diabetes should deliver
answers regarding its possible pathogenetic role in skin
damage in DM.

Additionally, AGEs, other than having the potential for
interfering with the ECM, possess intrinsic biological activity
by acting on cellular receptors (Schmidt et al. 1992; Brett et al.
1993; Fujimoto et al. 2010; Zhu et al. 2011). Thus, the
glycated matrix can have an impact on dermal fibroblasts
(Liao et al. 2009; Pageon 2010) and keratinocytes (Fujimoto
et al. 2010; Zhu et al. 2011). Interestingly, both the studies of
Fujimoto et al. (2010) and Zhu et al. (2011) refer to an AGE-
dependent increase in matrix metalloproteinase-9 (MMP-9) in
human keratinocytes, which in vivo is reported to be signifi-
cantly decreased in quantity in human diabetic skin by some
authors (Bermudez et al. 2011) or unaltered in quantity but
more active by others (Tahrani et al. 2012).

In general, MMPs play a prominent role in controlling
ECM remodelling and, in this way, these enzymes also control
the composition and therefore the function, of the ECM (Lu
et al. 2011). At least six studies have addressed MMPs in
diabetic skin in vivo. In most of the cases, a higher proteolytic
status has been described in human skin (Tahrani et al. 2012),
in STZ-treated rats (Takahashi and Takasu 2011), in AX-
treated mice (Ye et al. 2013) and in the subcutis of TSOD
mice (Ibuki et al. 2012). Ye et al. (2013) also showed that the
higher proteolytic status attributable to DM is exacerbated in
cases of blood glucose fluctuations (Ye et al. 2013). In con-
trast, in db/db mice of a young age (early DM or pre-disease),
no changes in the expression of genes relevant to ECM
remodelling have been found (Rodgers et al. 2006), whereas
in older db/db mice (notably diabetic), a net decrease in
proteolytic activity has been reported (Bermudez et al. 2011).
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Another important component of the human dermal
matrix, namely hyaluronic acid, has been studied in hu-
man skin in patients affected by insulin-dependent DM. A
considerable reduction in hyaluronic acid, particularly in
the region of the dermal epidermal junction, has been
found in the dermis of patients with low joint mobility,
whereas in patients with little or no impairment of joint
mobility, hyaluronic acid distribution predominantly re-
sembles that of the normal condition (Bertheim et al.
2002). Interestingly, an increase in hyaluronidase has been
described in the skin of STZ-treated rats (Takahashi and
Takasu 2011).

Taken together, neither the regulation of collagen synthesis
and production, nor matrix remodelling seems to be uniform
in individual reports on diabetic skin in vivo. Additional
factors that differentiate the DM types and the various models
might have an influence on collagen homeostasis.

Dermal microvessels and their BM in diabetic skin

Similar to the retina, glomeruli and endoneurium, the skin in
DM is affected by microangiopathy with defective vasodila-
tion which is exacerbated by neuropathy (Rendell et al. 2003;
Schramm et al. 2006; Ngo et al. 2005; Dinh and Veves 2005).
This can result in poor skin nutrition and is believed to
contribute to a number of cutaneous injuries, including the
poor regeneration potential of diabetic skin (Falanga 2005;
Ngo et al. 2005). On a structural note, similarly to the other
diabetic microangiopathy sites, thickened microvascular BMs
have also been reported in skin (Banson and Lacy 1964;
Moore and Frew 1965; Braverman and Keh-Yen 1984;
Braverman et al. 1990; Dinh and Veves 2005; Ngo et al.
2005; Schramm et al. 2006; Kiligaslan and Ozer 2009; Chen
et al. 2010). Such microvascular alterations have been pro-
posed to be the hallmark of accelerated aging of diabetic skin
(Braverman and Keh-Yen 1984). At the same time, such
microvascular thickening is thought to be detrimental to va-
sodilation, nutrient diffusion and leucocyte migration and
might account for impaired wound closure and increased
wound infection (Dinh and Veves 2005; Schramm et al.
2006). Despite this concept, a closer association between
BM thickening and microvascular dysfunction has yet to
be made. For example, nothing is known regarding pos-
sible alterations in the composition of the BMs in cutane-
ous microvessels, alterations that might, in turn, account
for their dysfunction in DM. In this context, the db/db
mouse, which presents several characteristics of type 2
DM, including delayed wound healing (Greenhalgh et al.
1990; Kobayashi et al. 2000) and which is widely used in
diabetic wound healing studies (Greenhalgh et al. 1990;
Rodgers et al. 2006; Berdal et al. 2011; Bermudez et al.
2011; Zhao et al. 2012), might represent a useful
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comparison. However, the cutaneous microvascular struc-
tural phenotype of this mouse model has never been
studied. Indeed, addressing this aspect should add valu-
able data in understanding the correlation between poten-
tial structural and/or molecular aberrations in skin
microvessels and poor wound healing in DM.

Another important component of the microvascular
wall is represented by the pericytes. Upon injury, these
cells interact with endothelial cells, connective tissue and
infiltrating inflammatory cells and are, thus, a central
point of interchange of various signals during tissue repair
(Dulmovits and Herman 2012). Therefore, perturbations
in the pericytes of skin microvessels might affect wound
healing potential. Pericyte loss in microvessels of diabetic
skin has been reported in the literature (Dulmovits and
Herman 2012) together with morphological alterations
related to the excessive deposition of BM material in the
microvascular wall (Braverman et al. 1990). The number
of contact points between endothelial cells and pericytes
is markedly diminished in DM and this enhances the
physical separation between the two cell types. Hence,
in diabetic pericytes, cell protrusions trying to make con-
tact with endothelial cells are thinner and longer
(Braverman et al. 1990). This renders the pericyte/
endothelial interactions more difficult and might negative-
ly impact on pericyte functionality, thus contributing to
microvascular dysfunction in DM and especially in
wound healing.

Reports differ regarding the density and size of cutaneous
microvessels in DM (Algenstaedt et al. 2003; Ngo et al. 2005;
Schramm et al. 2006; Aellen et al. 2012; Tellechea et al.
2013). Moreover, the specific impact of hyperglycaemia on
such parameters is not completely clear. Reduced capillary
density has, indeed, been described both in correlation to high
levels of glycaemia and in pre-diabetes in the same mouse
model of type 2 DM (Algenstaedt et al. 2003; Schaefer et al.
2010). The same studies describe a general increase in capil-
lary size possibly attributable to a loss of smaller vessels
(Algenstaedt et al. 2003; Schaefer et al. 2010). A recent
investigation of skin samples of patients and of three different
animal models of insulin-dependent DM found an increased
vessel density in all cases (Tellechea et al. 2013). Sangiorgi
et al. (2010) showed vascular regression, disarray, disruption
and occlusion in microvessels of diabetic skin obtained from
an amputation, i.e., most likely from poorly controlled DM. In
contrast, an absence of alterations in skin capillary density
in vivo has been reported in diabetic patients with well-
controlled hypertension (Aellen et al. 2012). However, dia-
betic patients with higher glycated haemoglobin have a lower
microvascular density (Aellen et al. 2012). This supports the
idea that higher glycaemia can indeed contribute to the wors-
ening of the cutaneous microcirculation in DM. Interestingly,
in young db/db mice (i.e., at a pre- or early diabetic stage),

gene expression of type XV collagen is increased (Rodgers
etal. 2006). Collagen XV is one of the possible progenitors of
the anti-angiogenic molecule endostatin (Sasaki et al. 2000;
Gordon and Hahn 2010). Whether this plays a role in the
overall scenario of poor vascularisation is unknown. At the
same time, this and/or other similar, yet unidentified,
features might contribute to the entire microvascular def-
icit, and be further pathogenetic factors in addition to the
accumulation of AGE in the vascular wall. Moreover,
knowledge of dermal microvascular BM in DM (beyond
thickening) is scarce and the potential impact of BM
alterations in compromising microvascular function re-
mains theoretical. Deeper comprehension of the structure
of the microvascular BM and of the composition of der-
mal capillaries in DM will contribute to a better under-
standing of cutaneous microangiopathy and will further
add to the clarification of the pathogenesis of poor wound
healing and other cutaneous manifestations caused by
poor skin nutrition.

Outlook

Given its relatively easy accessibility, both for taking small
biopsies and for non-invasive sampling, the skin has an enor-
mous diagnostic potential in providing biomarkers for DM.
Skin biopsies have some limitations, because of patient recov-
ery (Paliwal et al. 2013), which can be critical in DM. Despite
this, biopsy-based studies in diabetic patients can be success-
fully carried out under well-controlled conditions (Tahrani
etal. 2012; Tellechea et al. 2013) demonstrating the feasibility
of this approach.

Biomarkers in DM are scarce. One of the major candidates
is the non-fluorescent AGE glucosepane (Monnier et al. 2005;
Sell et al. 2005). Although it has recently been associated with
long-term complications in type 1 DM (Monnier et al. 2013),
an understanding of its full potential and its possible pathoge-
netic role in skin damage in DM is still in its infancy. Another
recent study has related the depletion of cutaneous
procollagen I specifically to DM, with this being more marked
in patients with foot ulcers than in non-complicated DM
(Tahrani et al. 2012). As a further biopsy-based tool, the study
of skin fibroblasts is being evaluated for monitoring type 1
DM (Millioni et al. 2012).

In order to lessen patient burden, especially in those pa-
tients who need several daily checks, non-invasive approaches
are presently under development (for details, see Kottman
et al. 2012; Sivanandam et al. 2012; Vashist 2012;
Mayrovitz et al. 2013; Pleitez et al. 2013) or, as for skin
autofluorescence (SAF), have been intensively evaluated
(e.g., Lyons et al. 1991; Monnier et al. 1999; Maynard et al.
2007; Gerrits et al. 2008a, 2008b; Stirban et al. 2008;
Ghazaryan et al. 2012; Tanaka et al. 2012; Noordzij et al.
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Fig. 6 OCT scan of a pin-prick
wound of the forearm. a Pin-prick
wound on the dorsal aspect of a
forearm. b Structural OCT B-
Scan of the non-wounded site. ¢
Structural OCT B-Scan of the
wound site. The images were
kindly provided by Prof. Martin
Leahy, Physics, NUI Galway

2012; Mascai et al. 2013). A fundamental limitation of these
methods is the signal:noise ratio attributable to the biophysi-
cal, molecular and structural characteristics of the skin
(Mulder et al. 2006; Vashist 2012). SAF for example has
recently been successfully used to mirror the diabetic state in
a well-controlled patient cohort after exclusion of potential
interfering factors, e.g., smoking or kidney failure (Mascai
et al. 2013). Otherwise, SAF appears to be an indicator for
cumulative hyperglycaemic damage and a complication

Epidermis

Blood Vessel

——

T —— e

——

Healing tissue

C Wound tissue

predictor, rather than a specific index of the glycaemia
(Lyons and Basu 2012).

Finally, the skin is notably the gateway to the body for a
number of non-invasive imaging technologies (for a review,
see Daly and Leahy 2013). These depend on the passage of
signals through the cutaneous layers and, therefore, the
biochemical/biophysical features of skin components might
theoretically interfere with them and produce artifacts. For
example, optical coherence tomography (OCT), which is

Fig. 7 Skin plexus and its visualisation by means of cm-OCT of skin at
various levels. a—d Normal skin. e-h Pin-prick wound. This technique
allows to image movement and to exclude the structure at the same time.
Therefore, all the structural parts of the tissue, with the exception of the
blood vessels (red to orange) that contain cells in movement, can be
computationally blanked out. Furthermore, it is possible to scan and slice
the tissue at various levels. a, e A three-dimensional view of the vascular
plexus. The epidermis (still visible at the margin of the field) was
otherwise excluded, as was the case for the rest of the skin structures,
with the exception of the vascular profile. b, f Relatively superficial slices

@ Springer

of the papillary region of the dermis in which the tips of the
blood vessels are visible in the papillae (red/orange dots). The
remaining images show deeper slices at the level of the superfi-
cial plexus, which is located between the bottom region of the
papillary dermis and the top region of the reticular dermis. Note
the nearly horizontal course of the vessels. The slices in d, h are
at approximately 200-300 pum from the level of those in b, f,
whereas those in ¢, d are at an intermediate level (green arrow
prick wound plexus). The images were kindly provided by Prof.
Martin Leahy, Physics, NUI Galway
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based on skin penetration by optic signals and on the detection
of reflected and backscattered light (Marschall et al. 2011), has
shown that the presence of gel or glycerol, instead of air,
between the light source and the skin surface improves the
visualisation of blood vessels (Liew et al. 2011). Similar
results have been obtained by using a skin phantom (Liew
et al. 2011). This means that changes in the layers crossed by
the optic signals can affect the clarity of the recording from the
deeper regions (i.e., the vessels). OCT and its variants are
strongly emerging in dermatological research (Daly and
Leahy 2013; Enfield et al. 2011; Zafar et al. 2013; Zam et al.
2013), enabling visualisation of the epidermis with a distinct
dermal epidermal junction (see Fig. 6). A variant of this
developed by Martin Leahy and his group (correlation map-
ping OCT, cm-OCT) enables, via a similar principle, the
mapping of blood vessels in the skin at various levels of tissue
depth (Enfield et al. 2011; Zafar et al. 2013; Zam et al. 2013,
see also Fig. 7). The use of these non-invasive diagnostic tools
will presumably increase in the near future. Since structural/
molecular changes in skin can interfere with optical signals
and pose a serious limitation to their use, this issue should be
addressed for the correct interpretation of the readings. In the
case of DM in which skin alterations are still poorly defined, a
precise understanding of the actual texture and composition of
diabetic skin will contribute to overcome such limitations,
thereby supporting and promoting the use of non-invasive
diagnostics in diabetic patients.

Concluding remarks

Interest is increasing in the structure and molecular composi-
tion of non-injured diabetic skin, as shown by the fact that a
large part of the available knowledge is relatively recent.
Although skin alterations clearly occur in DM, the overall
picture is not uniform. A consensus seems to have been
attained regarding some features (e.g., diabetic skin is me-
chanically less competent), whereas others (e.g., the epidermal
barrier) are still unclear. Underlying pathogenetic mechanisms
have not been fully elucidated. Further open questions include
the impact of hyperglycaemia (severity or duration) or of
animal models. Addressing the above issues should help to
identify potential markers or therapeutic targets for the pre-
vention and monitoring of DM and of its complications.
Finally, a full understanding of skin structure in DM is crucial
for the interpretation of non-invasive deep-tissue diagnostics
in which optic signals crossing skin layers might be distorted
by altered tissue texture or composition.
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