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Abstract
Alterations of the collagen, the major structural protein in skin, contribute significantly to

human skin connective tissue aging. As aged-appearing skin is more common in diabetes,

here we investigated the molecular basis of aged-appearing skin in diabetes. Among all

known human matrix metalloproteinases (MMPs), diabetic skin shows elevated levels of

MMP-1 and MMP-2. Laser capture microdissection (LCM) coupled real-time PCR indicated

that elevated MMPs in diabetic skin were primarily expressed in the dermis. Furthermore,

diabetic skin shows increased lysyl oxidase (LOX) expression and higher cross-linked colla-

gens. Atomic force microscopy (AFM) further indicated that collagen fibrils were frag-

mented/disorganized, and key mechanical properties of traction force and tensile strength

were increased in diabetic skin, compared to intact/well-organized collagen fibrils in non-

diabetic skin. In in vitro tissue culture system, multiple MMPs including MMP-1 and MM-2

were induced by high glucose (25 mM) exposure to isolated primary human skin dermal

fibroblasts, the major cells responsible for collagen homeostasis in skin. The elevation of

MMPs and LOX over the years is thought to result in the accumulation of fragmented and

cross-linked collagen, and thus impairs dermal collagen structural integrity and mechanical

properties in diabetes. Our data partially explain why old-looking skin is more common in

diabetic patients.

Introduction
Diabetes affects every organ system of the body including the skin [1]. It is estimated that more
than two-thirds (79.2%) of diabetic patients experience a skin problem at some stage through-
out the course of their disease [2]. Many of these skin conditions can occur in anyone, but are
acquired more easily in diabetics [1–3]. For example, in comparison to the general population,
diabetic patients more commonly experience aged-appearing skin [1, 2, 4] as well as more skin
infections such as those secondary to foot ulcers [5, 6]. In fact, such skin problems are
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sometimes the first warning indicator for internal complications of diabetes and may allow an
astute physician to initiate diagnostic testing.

In non-diabetic human skin, old-looking skin is known to be caused by fragmentation of
dermal connective tissue, collagen [7, 8], the major structural protein responsible for skin's
firmness [9]. Fragmentation of collagen fibrils is a prominent feature of aged human skin [10],
which severely impairs skin structural integrity and mechanical properties. It is well-docu-
mented that age-associated elevation of matrix metalloproteinase (MMP) is largely responsible
for fragmentation of collagen fibrils in non-diabetic aged human skin [7, 8, 10].

Although molecular alterations in non-diabetic aging skin are relatively well-characterized,
not much is known about the alteration of MMPs and dermal collagen structural and mechani-
cal properties in diabetic human skin. Here, we investigated the expression of all known
human MMPs [11], LOX, and nanoscale morphology and mechanical properties of collagen
fibrils in diabetic human skin. We found that diabetic skin shows elevated levels of MMP-1
and MMP-2, and LOX, which may contribute to increased fragmentation and cross-linking of
the collagen fibrils. Fragmented and cross-linked collagen impairs dermal collagen structural
integrity resulting in alterations of mechanical properties in diabetic skin. These data demon-
strate the molecular basis of aged-appearing skin in diabetes, which partially explain why old-
looking skin is more common in diabetic patients.

Materials and Methods

Human skin samples
Research involving human subjects was approved by the University of Michigan Institutional
Review Board, and all subjects provided written informed consent. Diabetic skin (45–62 years)
and age-matched normal human skin samples were obtained by punch biopsy (4 mm) from sun-
protected underarm, as described previously [12]. Based on previous data that we have collected
from human skin biopsies in similar studies [8, 10, 12], we collected a sample size of N = 12 in
order to detect a two-fold change with an expected probability of at least 90%, using a two-tailed
test for group comparisons at the 0.05 level of significance, assuming an expected variance of
1.12. Study exclusion criteria include that all human subjects were HIV negative, and none of the
subjects had any systemic or autoimmune diseases, nor were they being treated with steroids or
hormonal therapy. All diabetic patients included in the study carried the diagnosis of type 2 dia-
betes, and all had no significant skin disorders, such as foot ulcers, psoriasis, and dermatitis, and
no the history of smoking. Individuals with diabetes mellitus type 1 were excluded.

Laser capture microdissection
For laser capture microdissection (LCM), human skin samples embedded in optimal cutting
temperature (OCT) compound, and were sectioned (15 μm). The skin sections were stained
with hematoxylin and eosin. Epidermis and dermis were captured by LCM (Leica ASLMD sys-
tem; Leica Microsystems, Wetzlar, Germany), as described previously [13]. Total cellular RNA
was extracted from LCM-captured epidermis and dermis using an RNeasy1Micro Kit (Qia-
gen, Chatsworth, CA, USA) according to the manufacturer’s instructions. The quality and
quantity of total RNA were determined by Agilent 2100 bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA).

Cell culture and zymography
Adult primary human skin fibroblasts were cultured from normal human skin biopsies by the
procedure described previously [14]. Briefly, full-thickness punch biopsies (4mm) were
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obtained from adult buttock skin. The dermis was separated from epidermis by trypsinization
(0.25% trypsin,0.1% EDTA) for 30 minutes at 37°C in phosphate buffered saline. The biopsy
was minced into small pieces and placed to tissue culture dish. Dulbecco’s modified minimal
essential medium supplemented with nonessential amino acids and 10% fetal bovine serum
(DMEM-FBS) was used as culture medium. Only a minimal amount of medium was added so
that tissue pieces would adhere to the plastic surface. The dishes were maintained at 37°C in an
atmosphere of 95% air and 5% CO2. The tissue was removed after one week, at which time
cells were migrated out from the edge of the dermal tissue fragments. The cells were harvested
with 0.25% trypsin/EDTA and grown in DMEM (Thermal Fisher Scientific, Waltham, MA),
supplemented with 10% (vol/vol) fetal calf serum, 5 U/ml heparin, 100 IU/ml penicillin, and
0.1 mg/ml streptomycin. Medium was refreshed every 3 days. Cells were used between passages
3 and 9. To explore the effect of glucose concentration on the MMPs mRNA expression, cells
were incubated in either low (5mM, 11885, Thermal Fisher Scientific, Waltham, MA) or high
(25mM, 11665, Thermal Fisher Scientific, Waltham, MA) glucose DMEMmedia for 48 hours.
For zymography assay, conditioned media from the cultured cells were concentrated and then
analyzed by electrophoresis in the presence of 12% Zymogram (casein) protein gel (Thermal
Fisher Scientific, Waltham, MA). After electrophoresis, the gel was incubated in Zymogram
Renaturing buffer (Thermal Fisher Scientific, Waltham, MA) for 30min at room temperature
with gentle agitation. After renaturing, the gel was incubated in Developing buffer (Thermal
Fisher Scientific, Waltham, MA) at 37°C for overnight. The MMPs activities were visualized by
staining Coommasie Blue R-250 (Thermal Fisher Scientific, Waltham, MA) solution. MMPs
inhibitor (GM60001, Santa Cruz Biotechnology, CA) was used as specificity of MMPs-medi-
ated proteolytic activity.

RNA isolation and quantitative real-time RT-PCR
Total RNA from human skin and human skin dermal fibroblasts was prepared using TRizol
reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. Total RNA from
LCM captured tissues was extracted using RNeasy micro kit (Qiagen, Gaithersburg, MD,
USA). cDNA for PCR templates was prepared by reverse transcription of total RNA (100 ng)
using Taqman Reverse Transcription kit (Applied Biosystems, Carlsbad, CA, USA). Real-time
PCR was performed on a 7700 Sequence Detector (Applied Biosystems, Carlsbad, CA, USA)
using Taqman Universal PCR Master Mix Reagents (Applied Biosystems, Carlsbad, CA, USA).
All real-time PCR primers were purchased from RealTimePrimers.com (Real Time Primers,
LLC, Elkins Park, PA, USA). Target gene mRNA expression levels were normalized to the
housekeeping gene 36B4 as an internal control for quantification.

Western analysis
Whole cell proteins were prepared from human skin tissues and cells using WCE buffer
(25mMHepes, 0.3MNaCl, 1.5 mMMgCl2, 0.2mMEDTA,1%Triton,20mMbeta-glycerol-phos-
phate), and protein levels were determined by Western analysis. Briefly, proteins from human
skin dermis were resolved on 10% SDS-PAGE, transferred to PVDF membrane, and blocked
with PBST (0.1% Tween 20 in PBS) containing 5% milk. Primary antibodies (MMP-1/MMP-2/
MMP-14, Chemicon International, Temecula, CA, USA; Col-1, RDI Research Diagnostics,
Flanders, NJ, USA; Col-3, Santa Cruz Biotechnology, CA; LOX, Thermo Fisher Scientific,
Rockford, IL, USA) were diluted in the PBST solution (1:200) and were incubated with PVDF
membrane for one hour at room temperature. Blots were washed three times with PBST solu-
tion and incubated with appropriate secondary antibody for one hour at room temperature.
After washing three times with PBST, the blots were developed with ECF (Vistra ECFWestern
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Blotting System, Amersham Pharmacia Biotech, Piscataway, NJ, USA) following the manufac-
turer’s protocol. The membranes were scanned by STORM PhosphorImager (Molecular
Dynamics, Sunnyvale, CA, USA), and the intensities of each band were quantified and normal-
ized using β-actin as loading control.

Atomic force microscopy (AFM) imaging
Nanoscale morphology and mechanical properties of the skin dermis were measured by AFM
using previously established techniques in our laboratory with minor modifications [15].
Briefly, OCT embedded human skin samples were sectioned (50 μm) and mounted on glass
coverslips (1.2 mm diameter, Fisher Scientific Co., Pittsburgh, PA). These AFM samples were
allowed to air dry for at least 24 hours before AFM analysis. Mechanical properties; traction
forces, tensile strength, and deformation were determined by Dimension Icon AFM system
(Bruker-AXS, Santa Barbara, CA, USA) using PeakForceTM Quantitative NanoMechanics
mode using a silicon AFM probe (PPP-BSI, force constant 0.01–0.5N/m, resonant frequency
12-45kHz, NANOSENSORS™, Switzerland). PeakForceTM Quantitative Nanomechanical Map-
ping (QNMTM) is a new AFM Nano-mechanical and Nano-imaging mode for measuring the
Young's modulus of materials with high spatial resolution and surface sensitivity, by probing at
the nanoscale. It maps and distinguishes between nanomechanical properties, including modu-
lus and adhesion, while simultaneously imaging sample topography at high resolution. AFM
was conducted at the Electron Microbeam Analysis Laboratory (EMAL), University of Michi-
gan College of Engineering, and analyzed using Nanoscope Analysis software (Nanoscope
Analysis v120R1sr3, Bruker-AXS, Santa Barbara, CA, USA).

Measurement of total MMP activity assay
Biopsies were homogenized using frosted glass-on-glass Duall vessels in assay buffer contain-
ing a cocktail of protease inhibitors (pepstatin (10 mM), leupeptin (10 mM), soyabean trypsin
inhibitor (1 mg/ml), trasylol (100 units/ml), Ca2+ (0�2 mM) and Mg2+(1 mM) (all from Sigma).
Total MMP activity was measured as the ability to degrade a fluorescent peptide substrate
(Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2), which is cleaved by activated MMPs at the Gly-
Leu site [16, 17]. The cleavage of the Gly-Leu bond releases the highly fluorescent Mca group
from the internal quenching group Dpa. The samples and the peptide (25 mg/ml) were incu-
bated for 3 h at 37°C and the MMP activity was determined on a fluorimeter (Perkin-Elmer
LS50B, lex 328 nm and lem 393 nm). Incubation with a specific MMP inhibitor GM 6001 (1
mM) (Calbiochem) was performed in parallel for all samples as a control for non-specific deg-
radation of the peptide. The reaction was stopped by addition of HCL (0�2 M). Enzyme activity
was evaluated by assessment of changes in the fluorescence signals.

Measurement of pepsin-resistant collagens by HPLC
Collagens for acid-soluble and pepsin-soluble/-insoluble fractions were prepared by established
protocol [18]. Briefly, collagen extract was suspended in buffer (pH 7.5) and Pepsin (Promega,
Madison, WI) was added to the solution at ratio of 1:10 (w/w), and mixed briefly, incubated
overnight at 37°C. The reaction was stopped by heating at 95°C for 10 minutes, and analyzed
for hydroxyproline content by HPLC, as previously described [19].

Statistical analysis
Data are expressed as mean ± SEM. Comparisons were made with the paired t-test (two
groups) or the repeated measures of ANOVA (more than two groups). Multiple pair-wise

Molecular Basis of Aged-Appearing Skin in Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0153806 April 22, 2016 4 / 17



comparisons were made with the Tukey Studentized Range test. All p values are two-tailed,
and considered significant when<0.05.

Results

Elevated expression of MMP-1 and MMP-2 in diabetic human skin
dermis in vivo
We first compared the mRNA expression levels of all known MMPs in normal human skin
and diabetic skin (Fig 1A). Among all known human MMPs, transcripts for MMP-8, -12, -19,
and -20 were not detected. MMP-14 and -2 were the most highly expressed, while remaining
MMPs were expressed at lower levels. Among the 19 MMPs expressed in human skin, MMP-1
(3.2-fold) and MMP-2 (4.4-fold) were significantly elevated in diabetic skin, compared to non-
diabetic control skin (Fig 1A). Western blot further confirmed that MMP-1 and MMP-2 pro-
tein levels were elevated in diabetic skin but that MMP-14 levels were not elevated (Fig 1B).
The relative levels of MMP-1 and MMP-2 in epidermis and dermis were determined by laser
capture microdissection (LCM). Fig 1C shows that MMPs that were elevated in diabetic skin
were primarily expressed in the dermis (MMP-1, 84%; MMP-2, 72%). LCM-coupled real-time
PCR further confirmed that no other MMPs were elevated in the dermis of diabetic skin except
MMP-1 and MMP-2 (Fig 1D). These data demonstrate MMP-1 and MMP-2 expression are
significantly elevated in the dermis of diabetic skin.

MMPs activity, tissue inhibitor of metalloproteinases (TIMPs), and
collagen expression in diabetic human skin in vivo
MMPs and TIMPs are often concurrently regulated as a means to control excess MMP activity.
Therefore, we also investigated whether TIMPs are elevated in diabetic skin. We found that all
four known TIMP genes (TIMP-1, -2, -3, and -4) are primarily expressed in human skin, how-
ever, no differences in mRNA levels of TIMP-1, -2, -3, or -4 were found between diabetic skin
and non-diabetic control skin (Fig 2A). The observed preferential induction of MMPs (Fig 1)
relative to TIMPs suggests that MMP activities are elevated in diabetic skin. To access MMP
activity, we performed in situ zymography, in which unfixed skin sections are placed over a
layer of fluorescently-labeled collagen. As shown in Fig 2B, elevated MMP activity in diabetic
skin resulted in breakdown of the collagen, resulting in loss of fluorescence. Furthermore, the
average activity of MMPs, measured as the ability to degrade a fluorescent peptide substrate
(see Methods for details), was increased by 180% in diabetic skin compared to non-diabetic
skin (Fig 2C). Increased MMP-1 expression in aged dermal fibroblasts is often accompanied
with reduced collagen synthesis [8, 20]. Therefore, we evaluated the expression of type I and
type III collagen, the major structural proteins in skin. These results revealed that mRNA (Fig
2D) and protein (Fig 2E) levels of type I and type III collagen were not altered in diabetics,
compared to non-diabetic control skin. Taken together, these data demonstrate that MMP
activity is significantly elevated, while there is no change in TIMP and collagen expression in
diabetic skin.

Collagen fibrils nanoscale morphology and mechanical properties in
diabetic skin
As tissues’mechanical properties regulate diverse cellular functions [15, 21, 22], we next
employed atomic force microscopy (AFM) to compare mechanical properties of dermal colla-
gen in diabetic and non-diabetic skin. We first determined the nanoscale morphology of colla-
gen fibrils. AFM images revealed that collagen fibrils in non-diabetic dermis were intact, tightly
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packed and well organized (Fig 3A, left). In contrast, collagen fibrils in diabetic dermis were
fragmented, sparse and disorganized (Fig 3A, right). Three-dimensional topographical AFM
images further indicated that non-diabetic dermis was smooth and flattened (Fig 3B, left). In
contrast, diabetic dermis was much rougher and more uneven (Fig 3B, right). Quantitative
analysis of AFM data indicated that the average roughness (a measure of fibril organization) of
dermal collagen fibrils in diabetic dermis was increased by 176% (Fig 3C, 29 nm vs. 16 nm),
suggesting elevated MMPs may lead to fragmented and rough collagen fibrils. Fragmentation
of collagen fibrils impairs dermal collagen structural integrity, and thus alters mechanical prop-
erties of the dermis. The key mechanical properties; traction force (Fig 3D) and tensile strength
(Fig 3E), were increased by 182% and 197%, respectively, while collagen fibrils deformation
was reduced by 58% (Fig 3F), in diabetic dermis compared to non-diabetic dermis. Taken
together, these data demonstrate fragmentation and alterations of mechanical properties of
dermal collagen fibrils in diabetic skin.

Alteration of lysyl oxidase (LOX) expression diabetic skin
Mechanical properties of collagen fibrils are also affected by collagen crosslinking, which is cat-
alyzed by a lysyl oxidase (LOX)-mediated enzymatic process [23, 24]. Therefore, we deter-
mined five members of lysyl oxidases [LOX, LOX-like 1~4 (LOXL1~4)] mRNA expression in
diabetic skin. Interestingly, among five LOX family members, LOX, which was most highly
expressed in skin, was elevated in diabetic skin compared to non-diabetic skin (Fig 4A). West-
ern blot further confirmed that LOX protein level was elevated in diabetic skin (Fig 4B). As
cross-linked collagen resists proteolytic breakdown, we determined the susceptibility of colla-
gen to pepsin digestion using HPLC. We found that pepsin-resistant insoluble collagens were
increased, while pepsin soluble collagens were significantly reduced in diabetic skin in compar-
ison to non-diabetic skin (Fig 4B). These data demonstrate that elevated LOX expression and
higher cross-linked collagens exist in diabetic skin.

High glucose increases MMPs expression and proteolytic activity in
primary human skin dermal fibroblasts
Finally, we explored the potential mechanism of elevated MMPs in diabetic human skin der-
mis. To achieve this goal, human skin dermal fibroblasts, the major cell type in the dermis and
responsible for collagen homeostasis, were isolated from human skin samples, and were incu-
bated in low (5mM) and high glucose (25 mM)-containing medium. From this experiment, we
confirmed that MMP-1 and MMP-2, which is elevated in diabetic human skin dermis (Fig 1),
were significantly induced by high glucose treatment (Fig 5A). In addition to MMP-1 and
MMP-2, MMP-9 (gelatinase-B) was also elevated whereas MMP-3 was reduced upon high glu-
cose exposure. Moreover, using casein zymography assay, we confirmed that increased proteo-
lytic activities of MMPs in the conditioned media after high glucose treatment (Fig 5B). This

Fig 1. Elevated expression of MMP-1 and MMP-2 in diabetic human skin dermis in vivo. (A) MMP-1 and MMP-2 mRNA levels were elevated in diabetic
skin relative to non-diabetic control skin. Total RNA was extracted from skin tissue and mRNA levels were quantified by real-time RT-PCR. MMPsmRNA
levels were normalized to the housekeeping gene 36B4, as an internal control for quantification. Data are relative levels to 36B4 (mean±SEM). MMPs mRNA
levels were expressed by log scale. N = 12, *p<0.05. (B) MMP-1 and MMP-2 protein levels were elevated in diabetic human skin. Protein levels were
determined byWestern analysis and normalized by β-actin (loading control). Insets (left panel) show representative Western blots. Data are expressed as
mean±SEM, N = 6, *p<0.05. (C) Elevated MMPs in diabetic dermis. Epidermis and dermis were captured by Laser Capture Microdissection (LCM, see
Methods for details). N = 6, *p<0.05. Total RNA was extracted from captured epidermis and dermis, and mRNA levels were quantified by real-time RT-PCR.
MMPs mRNA levels were normalized to the housekeeping gene 36B4, as an internal control for quantification. Data are relative levels to 36B4 (mean±SEM).
(D) MMP-1 and MMP-2, but not other MPs, were elevated in diabetic human skin dermis. Total RNA was extracted from the dermis captured by LCM and
mRNA levels were quantified by real-time RT-PCR. MMPs mRNA levels were normalized to the housekeeping gene 36B4, as an internal control for
quantification. Data are relative levels to 36B4 (mean±SEM). N = 6, *p<0.05.

doi:10.1371/journal.pone.0153806.g001
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Fig 2. MMP activity, TIMPs, and collagen expression in diabetic human skin in vivo. (A) TIMPmRNA expression in diabetic and non-diabetic control
skin. TIMPmRNA levels were normalized to the housekeeping gene 36B4, as an internal control for quantification. Data are relative levels to 36B4 (mean
±SEM) N = 6. (B) Elevated MMP activity in the dermis of photodamaged forearm skin determined by in situ zymography. Loss of green fluorescence in
diabetic dermis indicates degradation of fluorescein-collagen substrate. White lines indicate boundary between the epidermis (top) and dermis (bottom).
N = 6. (C) MMP activity in diabetic and non-diabetic control skin (see Methods for details). N = 9–11. (D) Type I and type III procollagen mRNA expression in
diabetic and non-diabetic control skin. Type I and type III procollagen mRNA levels were normalized to the housekeeping gene 36B4, as an internal control
for quantification. Data are relative levels to 36B4 (mean±SEM) N = 6. (E) Type I and type III collagen protein levels were determined byWestern analysis
and normalized by β-actin (loading control). Insets (left panel) show representativeWestern blots. Data are expressed as mean±SEM, N = 6.

doi:10.1371/journal.pone.0153806.g002
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high glucose-mediated proteolytic activity was blocked by a MMP inhibitor (GM60001, Fig 5B
last two lanes). These data suggest the potential mechanism in which elevated MMPs expres-
sion could result from high glucose related with diabetic human skin dermis.

Discussion
MMPs comprise a large family of proteinases that are capable of degrading all ECM proteins
[25]. According to their substrate specificity, these MMPs are divided into six subclasses: colla-
genases, gelatinases, stromelysins, matrilysins, membrane-type MMPs and others [26]. Studies
conducted by our team and others over the past several years have shown that MMP-1 (colla-
genase) is significantly elevated in both naturally-aged skin and in sun-induced premature skin
aging (photoaging). [27–29]. MMP-1 is the major protease capable of initiating fragmentation
of native fibrillar collagen, predominantly type I and III collagens [10, 30]. MMP-1 cleaves col-
lagen fibrils at a single site within its central triple helix. Once cleaved by MMP-1, collagen can
be further degraded by other MMPs [28, 31]. Exposure of sun-protected young human skin to
purified human MMP-1 in human skin organ culture causes collagen fragmentation, and alter-
ations in the structure and organization of collagen fibrils in the dermis that resemble those
observed in aged skin [32].

In this study, we found that MMP-1 is significantly elevated in diabetic human skin. In
addition to MMP-1, MMP-2 (gelatinase A), the major protease that digests denatured collagen,
is also significantly elevated in diabetic human skin. Furthermore, LCM indicates that both
MMP-1 and MMP-2 are primarily produced by dermis in diabetic human skin. These data
support the concept that the combined actions of MMP-1 and MMP-2, which are constitu-
tively elevated in diabetic skin, likely lead to chronic, progressive alterations of dermal collage-
nous ECM, and thus contribute to old-looking skin in diabetes.

Interestingly, compared to non-diabetic human skin aging, in which expression of TIMP-1
is significantly increased [33], elevated MMPs in diabetic skin are not accompanied by alter-
ations of TIMPs expression. The MMPs are inhibited by specific endogenous TIMPs, which
comprise a family of four protease inhibitors [34]. All MMPs are inhibited by TIMPs once they
are activated except for gelatinases (MMP-2 and MMP-9). TIMP-2 can form a complex with
latent MMP-2, and facilitates the activation of latent MMP-2 [35]. Lack of TIMP induction
partially explains the preferential induction of MMPs activity in diabetic skin. It is tempting to
speculate that the absence of TIMP induction and constitutively elevated MMPs activity in dia-
betic dermis could be a major driving force for old-looking skin by progressive damage of der-
mal ECM.

The above speculation is evidenced by significant alterations of dermal collagen structure,
characterized by nanoscale fragmentation and disorganization of collagen fibrils in diabetic
skin. These alterations of collagen integrity could result in changes in mechanical properties.
We do find that fragmented and disorganized collagen fibrils in diabetic skin are stiffer and
harder than intact and well-organized collagen fibrils in non-diabetic skin. Elevated LOX
expression and highly cross-linked collagen fibrils in diabetic skin may also contribute to alter-
ations of mechanical properties, which is essential to maintaining the tensile and elastic fea-
tures of the connective tissues.

Fig 3. Collagen fibril nanoscale morphology andmechanical properties in diabetic skin. (A) Nanoscale collagen fibrils were imaged by atomic force
microscopy (AFM). The white and red arrow heads indicate intact and fragmented/disorganized collagen fibrils, respectively. Images are representative of
nine subjects. (B) Three-dimensional nanoscale collagen fibrils were imaged by AFM. Images are representative of nine subjects. (C) Collagen fibril
roughness was analyzed using Nanoscope Analysis software (Nanoscope_Analysis_v120R1sr3, Bruker-AXS, Santa Barbara, CA). Results are expressed
as the mean ± SEM, N = 6, *p<0.05. (D) Tensile strength, (E) traction forces, and (F) deformation were determined by AFM PeakForceTM Quantitative
NanoMechanics mode and Nanoscope Analysis software. Means±SEM. N = 8, *p<0.05.

doi:10.1371/journal.pone.0153806.g003
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Fig 4. Alteration of lysyl oxidase (LOX) expression diabetic skin. (A) LOX family members mRNA
expression in diabetic and non-diabetic control skin. Lox family mRNA levels were normalized to the
housekeeping gene 36B4, as an internal control for quantification. Data are relative levels to 36B4. Mean
±SEM. N = 6. (B) LOX protein levels were determined by Western analysis and normalized by β-actin
(loading control). Insets (left panel) show representative Western blots. Data are expressed as mean±SEM,
N = 6, *p<0.05. (C) Collagen solubility by pepsin digestion was determined by HPLC (see Methods for
details). Mean±SEM. N = 12, *p<0.05.

doi:10.1371/journal.pone.0153806.g004
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A wealth of evidence indicates that a tissue’s mechanical microenvironment functions as a
critical determinant for a variety of cellular processes including signal transduction, gene
expression, and tissue homeostasis [32, 36–38]. One important finding of our study is that
there are alterations of the dermal collagen mechanical properties in diabetes. Although the
functional significance of the changes in mechanical properties in diabetic skin is not clear, we
previously reported that fragmented collagen is unable to support normal cell morphology and
mechanical tension within fibroblasts, and this loss of cell shape and mechanical tension is
closely associated with increased activity of transcription factor AP-1 [15, 32]. Given that AP-1
functions as a major driving force for expression of multiple MMPs, it is conceivable that AP-1
activity induced by a fragmented collagen microenvironment may contribute to elevated
MMPs in diabetic skin. Additionally, fragmented collagen in diabetic skin may also impair

Fig 5. The effect of high glucose culture on MMPsmRNA levels and proteolytic activity in primary human skin dermal fibroblasts. Cell were cultured
for 48 h in low (5mM) or high (25 mM) glucose media (see Methods for details). The effects of high glucose on the levels of MMPs mRNA expression were
quantified by real-time RT-PCR. MMPsmRNA levels were normalized to the housekeeping gene 36B4, as an internal control for quantification. Primary
human skin dermal fibroblasts do not express MMP-8 and MMP-20. Mean±SEM. N = 4. *p<0.05. Proteolytic activities from the conditioned media were
examined by zymography, as described in “Methods”. Areas of protease activity will appear as clear bands against a dark blue background where the
protease has digested the substrate. Data are representative of three experiments. MMPs inhibitor (GM60001) was used as specificity of MMPs-mediated
proteolytic activity (last two lanes).

doi:10.1371/journal.pone.0153806.g005
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mechanical properties of the dermal collagen network, collagen-integrin mechanical sensing,
and subsequent integrin signaling events associated with elevated MMPs. Currently, the under-
lying mechanism associated with the elevations of MMP-1 and MMP-2 as well as LOX is not
clear. It is possible that the high glucose conditions of the diabetic skin could positively regulate
MMP-1 and MMP-2 as well as LOX expression. Clearly, additional studies are warranted to
uncover the precise molecular mechanism(s) by which the factors upregulate MMPs and Lox.

In current study, we found that several MMPs including MMP-1 and MMp-2, which is ele-
vated in human diabetic dermis, induced after high glucose treatment. Some existing literatures
reported that high glucose exposure can induce expression of MMPs in several different cell
types [39–41], whereas others contradict it [42, 43]. Obviously, the precise mechanism in
which glucose metabolism regulates MMPs appears to be complex. It worth mention that ele-
vated MMP production by high glucose treatment in dermal fibroblasts may have important
consequences for elevated MMPs and collagen fragmentation, because dermal fibroblasts are
major type of the cells responsible collagen homeostasis. The signaling pathways mediating the
high glucose regulation of MMPs expression are not completely understood. MMP gene
expression is largely regulated by activator protein-1 (AP-1) and nuclear factor-kappaB (NF-
kB) at transcriptional level [44]. High glucose has been shown to cause an increase in AP-1 and
NF-kB activation [45, 46]. Therefore, it is conceivable elevated AP-1 and NF-kB may drive
upregulation of MMPs upon high glucose exposure. It is of interest that high glucose exposure
causes opposing effects on MMP-1 and MMP-3 expression although we are unable to detect
down-regulation of MMP-3 in diabetic human skin. Discordant regulation of MMP-1 and
MMP-3 by high glucose is probably caused by differences in their proximal promoter regions
[44]. MMP-1 and MMP-3 both have AP-1 binding sites in their proximal promoter, however,
their AP-1 sequences are differ from each other and from the consensus AP-1 sequence. Differ-
ent AP-1 sequences can bind alternate forms of the AP-1 complex, which can differently regu-
late their target gene expression [47].

We have previously reported that human skin connective tissue aging is largely caused by
aberrant collagen homeostasis [12, 32, 48]. Two interrelated mechanisms are involved; reduced
collagen biosynthesis and increased collagen fibril fragmentation. These mechanisms result in
a net collagen deficiency, which manifests as thin, fragile skin. Age-related aberrant collagen
homeostasis impairs the structural integrity and mechanical properties of the skin, and contrib-
utes to age-related skin diseases. In this study, we found that type I and type III collagen
mRNA expressions are not changed in diabetic skin, suggesting a unique collagen homeostasis
in diabetes, compared to non-diabetic skin aging.

It is worth mentioning that to minimalize the potential environmental risk factors that may
affect our endpoints measurement, all diabetic skin and age-matched normal human skin sam-
ples are obtained from sun-protected underarm, since ultraviolet from the sun causes our skin
to age prematurely (photoaging) [28, 33]. In addition, all subjects included in the study all had
no significant skin disorders, such as foot ulcers, psoriasis, and dermatitis, and no the history
of smoking. Our study inclusion/exclusion criteria (see Materials and Methods for details)
minimalized the environmental risk factors that affect skin. We believe that elevated MMP-1,
MMP-2, and LOX in diabetic skin are likely caused by aberrant glucose metabolism, as sup-
ported by our in vitro experiment (Fig 5).

Some skin problems are more common in patients with diabetes, such as diabetic foot
ulcers, which are a frequent and disabling complication resulting in significant morbidity [49,
50]. Several published studies have shown altered expression of MMPs and TIMPs in the
wounds of diabetic patients [51–55]. Despite extensive studies, the molecular processes under-
lying impaired wound healing in diabetes are still not fully understood. Our finding that
chronic and progressive alterations of the dermal collagenous microenvironment due to
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constitutive elevation of MMPs and LOX may have a profound effect on non-healing in dia-
betic foot ulceration. The aberrant collagen microenvironment due to elevated MMPs, LOX,
and alteration of dermal mechanical properties could serve as a risk factor for diabetic foot
ulceration. Understanding the quality of diabetic skin may help us to predict those who are pre-
disposed to the development of diabetic foot ulceration and other skin problems in diabetes.

Conclusion
We propose a working model for alterations of the structural and mechanical properties of der-
mal collagen in contribution to the aged appearance of skin in diabetes (Fig 6). Diabetic dermis
shows elevated levels of MMP-1/MMP-2 and LOX, which may contribute to increased collagen
fragmentation, crosslinking, and consequently alterations of mechanical properties of the dermis.
Elevation of MMPs and LOX over the years is thought to result in accumulation of fragmented
and cross-linked collagen fragments, and thus may contribute to aged-appearing skin in diabetes.
Our data suggest that impaired the structural integrity and aberrant collagen microenvironment
may have a profound effect on the development of skin disorders in diabetic patients.
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Fig 6. Proposedmodel for alterations of dermal collagen structural andmechanical properties
contribute to old-looking skin in diabetes. Diabetic dermis constitutively expresses elevated levels of
MMP-1/MMP-2 and LOX, which result in increased collagen fragmentation, crosslinking, and consequently
alterations of dermal structural and mechanical properties of the dermis. Constitutive elevation of MMPs and
LOX over decades is thought to result in accumulation of fragmented and cross-linked collagen fragments,
and thus contribute to aged-appearing skin in diabetes.

doi:10.1371/journal.pone.0153806.g006

Molecular Basis of Aged-Appearing Skin in Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0153806 April 22, 2016 14 / 17



References
1. Duff M, Demidova O, Blackburn S, Shubrook J. Cutaneous manifestations of diabetes mellitus. Clinical

diabetes: a publication of the American Diabetes Association. 2015; 33(1):40–8. doi: 10.2337/diaclin.
33.1.40 PMID: 25653473; PubMed Central PMCID: PMCPMC4299750.

2. Demirseren DD, Emre S, Akoglu G, Arpaci D, Arman A, Metin A, et al. Relationship between skin dis-
eases and extracutaneous complications of diabetes mellitus: clinical analysis of 750 patients. Am J
Clin Dermatol. 2014; 15(1):65–70. PMID: Medline:24135944. doi: 10.1007/s40257-013-0048-2

3. Levy L, Zeichner JA. Dermatologic manifestation of diabetes. J Diabetes. 2012; 4(1):68–76. PMID:
Medline:21848812. doi: 10.1111/j.1753-0407.2011.00151.x

4. Perez MI, Kohn SR. Cutaneous manifestations of diabetes mellitus. Journal of the American Academy
of Dermatology. 1994; 30(4):519–31; quiz 32–4. PMID: 8157778.

5. Reiber GE. The epidemiology of diabetic foot problems. Diabet Med. 1996; 13 Suppl 1:S6–11. PMID:
8741821.

6. Margolis DJ, Allen-Taylor L, Hoffstad O, Berlin JA. Diabetic neuropathic foot ulcers: the association of
wound size, wound duration, and wound grade on healing. Diabetes Care. 2002; 25(10):1835–9.
PMID: 12351487.

7. Fisher GJ, Varani J, Voorhees JJ. Looking older: fibroblast collapse and therapeutic implications. Arch
Dermatol. 2008; 144(5):666–72. Epub 2008/05/21. 144/5/666 [pii] doi: 10.1001/archderm.144.5.666
PMID: 18490597.

8. Quan T, Little E, Quan H, Qin Z, Voorhees JJ, Fisher GJ. Elevated matrix metalloproteinases and colla-
gen fragmentation in photodamaged human skin: impact of altered extracellular matrix microenviron-
ment on dermal fibroblast function. The Journal of investigative dermatology. 2013; 133(5):1362–6. doi:
10.1038/jid.2012.509 PMID: 23466932; PubMed Central PMCID: PMC3637921.

9. Uitto J. Connective tissue biochemistry of the aging dermis. Age-related alterations in collagen and
elastin. Dermatol Clin. 1986; 4(3):433–46. Epub 1986/07/01. PMID: 3521988.

10. Fisher GJ, Quan T, Purohit T, Shao Y, Moon KC, He T, et al. Collagen fragmentation promotes oxida-
tive stress and elevates matrix metalloproteinase-1 in fibroblasts in aged human skin. American Journal
of Pathology. 2009; 174(1):101–14. doi: 10.2353/ajpath.2009.080599 PMID: 19116368

11. Egeblad M, Werb Z. New functions for the matrix metalloproteinases in cancer progression. Nat Rev
Cancer. 2002; 2(3):161–74. Epub 2002/05/07. doi: 10.1038/nrc745 PMID: 11990853.

12. Quan T, Shao Y, He T, Voorhees JJ, Fisher GJ. Reduced expression of connective tissue growth factor
(CTGF/CCN2) mediates collagen loss in chronologically aged human skin. The Journal of investigative
dermatology. 2010; 130(2):415–24. doi: 10.1038/jid.2009.224 PMID: 19641518; PubMed Central
PMCID: PMC2877594.

13. Qin Z, Fisher GJ, Quan T. CCN1 Domain-specific Stimulation of Matrix Metalloproteinase-1 Expression
Through alphaVbeta3 Integrin in Human Skin Fibroblasts. J Biol Chem. 2013; 288(17):12386–94. Epub
2013/03/19. M112.424358 [pii] doi: 10.1074/jbc.M112.424358 PMID: 23504324.

14. Fisher GJ, Henderson PA, Voorhees JJ, Baldassare JJ. Epidermal growth factor-induced hydrolysis of
phosphatidylcholine by phospholipase D and phospholipase C in human dermal fibroblasts. Journal of
cellular physiology. 1991; 146(2):309–17. doi: 10.1002/jcp.1041460216 PMID: 1999479.

15. Qin Z, Voorhees JJ, Fisher GJ, Quan T. Age-associated reduction of cellular spreading/mechanical
force up-regulates matrix metalloproteinase-1 expression and collagen fibril fragmentation via c-Jun/
AP-1 in human dermal fibroblasts. Aging Cell. 2014; 13(6):1028–37. doi: 10.1111/acel.12265 PMID:
25201474; PubMed Central PMCID: PMC4326925.

16. Knight CG, Willenbrock F, Murphy G. A novel coumarin-labelled peptide for sensitive continuous
assays of the matrix metalloproteinases. FEBS letters. 1992; 296(3):263–6. PMID: Medline:1537400.

17. Pedersen G, Saermark T, Kirkegaard T, Brynskov J. Spontaneous and cytokine induced expression
and activity of matrix metalloproteinases in human colonic epithelium. Clin Exp Immunol. 2009; 155
(2):257–65. PMID: Medline:19137636. doi: 10.1111/j.1365-2249.2008.03836.x

18. Nagai T, Tanoue Y, Kai N, Suzuki N. Characterization of collagen from emu (Dromaius novaehollan-
diae) skins. J Food Sci Technol. 2015; 52(4):2344–51. PMID: Medline:25829618. doi: 10.1007/s13197-
014-1266-1

19. Bank RA, Krikken M, Beekman B, Stoop R, Maroudas A, Lafeber FP, et al. A simplified measurement
of degraded collagen in tissues: application in healthy, fibrillated and osteoarthritic cartilage. Matrix biol-
ogy: journal of the International Society for Matrix Biology. 1997; 16(5):233–43. PMID:
Medline:9501324.

20. Qin Z, Okubo T, Voorhees JJ, Fisher GJ, Quan T. Elevated cysteine-rich protein 61 (CCN1) promotes
skin aging via upregulation of IL-1beta in chronically sun-exposed human skin. Age (Dordr). 2014; 36

Molecular Basis of Aged-Appearing Skin in Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0153806 April 22, 2016 15 / 17

http://dx.doi.org/10.2337/diaclin.33.1.40
http://dx.doi.org/10.2337/diaclin.33.1.40
http://www.ncbi.nlm.nih.gov/pubmed/25653473
http://www.ncbi.nlm.nih.gov/pubmed/Medline:24135944
http://dx.doi.org/10.1007/s40257-013-0048-2
http://www.ncbi.nlm.nih.gov/pubmed/Medline:21848812
http://dx.doi.org/10.1111/j.1753-0407.2011.00151.x
http://www.ncbi.nlm.nih.gov/pubmed/8157778
http://www.ncbi.nlm.nih.gov/pubmed/8741821
http://www.ncbi.nlm.nih.gov/pubmed/12351487
http://dx.doi.org/10.1001/archderm.144.5.666
http://www.ncbi.nlm.nih.gov/pubmed/18490597
http://dx.doi.org/10.1038/jid.2012.509
http://www.ncbi.nlm.nih.gov/pubmed/23466932
http://www.ncbi.nlm.nih.gov/pubmed/3521988
http://dx.doi.org/10.2353/ajpath.2009.080599
http://www.ncbi.nlm.nih.gov/pubmed/19116368
http://dx.doi.org/10.1038/nrc745
http://www.ncbi.nlm.nih.gov/pubmed/11990853
http://dx.doi.org/10.1038/jid.2009.224
http://www.ncbi.nlm.nih.gov/pubmed/19641518
http://dx.doi.org/10.1074/jbc.M112.424358
http://www.ncbi.nlm.nih.gov/pubmed/23504324
http://dx.doi.org/10.1002/jcp.1041460216
http://www.ncbi.nlm.nih.gov/pubmed/1999479
http://dx.doi.org/10.1111/acel.12265
http://www.ncbi.nlm.nih.gov/pubmed/25201474
http://www.ncbi.nlm.nih.gov/pubmed/Medline:1537400
http://www.ncbi.nlm.nih.gov/pubmed/Medline:19137636
http://dx.doi.org/10.1111/j.1365-2249.2008.03836.x
http://www.ncbi.nlm.nih.gov/pubmed/Medline:25829618
http://dx.doi.org/10.1007/s13197-014-1266-1
http://dx.doi.org/10.1007/s13197-014-1266-1
http://www.ncbi.nlm.nih.gov/pubmed/Medline:9501324


(1):353–64. doi: 10.1007/s11357-013-9565-4 PMID: 23881607; PubMed Central PMCID:
PMC3889915.

21. Wang N, Butler JP, Ingber DE, Ingber DE. Mechanotransduction across the cell surface and through
the cytoskeleton. Science (New York, N Y). 1993; 260(5111):1124–7. PMID: Medline:7684161.

22. Ingber DE. Cellular mechanotransduction: putting all the pieces together again. Faseb J. 2006; 20
(7):811–27. PMID: Medline:16675838.

23. Kagan HM, Li W. Lysyl oxidase: properties, specificity, and biological roles inside and outside of the
cell. Journal of cellular biochemistry. 2003; 88(4):660–72. PMID: Medline:12577300.

24. Yamauchi M, Shiiba M. Lysine hydroxylation and cross-linking of collagen. Methods Mol Biol. 2008;
446:95–108. PMID: Medline:18373252. doi: 10.1007/978-1-60327-084-7_7

25. Egeblad M, Werb Z. New functions for the matrix metalloproteinases in cancer progression. Nature
reviews Cancer. 2002; 2(3):161–74. PMID: Medline:11990853.

26. Nagase H, Visse R, Murphy G. Structure and function of matrix metalloproteinases and TIMPs. Cardio-
vasc Res. 2006; 69(3):562–73. PMID: Medline:16405877.

27. Brenneisen P, Sies H, Scharffetter-Kochanek K. Ultraviolet-B irradiation and matrix metalloproteinases:
from induction via signaling to initial events. Annals of the New York Academy of Sciences. 2002;
973:31–43. Epub 2002/12/18. PMID: 12485830.

28. Fisher GJ, Datta SC, Talwar HS, Wang ZQ, Varani J, Kang S, et al. Molecular basis of sun-induced pre-
mature skin ageing and retinoid antagonism. Nature. 1996; 379(6563):335–9. Epub 1996/01/25. doi:
10.1038/379335a0 PMID: 8552187.

29. Quan T, Qin Z, Xia W, Shao Y, Voorhees JJ, Fisher GJ. Matrix-degrading metalloproteinases in photo-
aging. The journal of investigative dermatology Symposium proceedings / the Society for Investigative
Dermatology, Inc [and] European Society for Dermatological Research. 2009; 14(1):20–4. Epub 2009/
08/14. jidsymp20098 [pii] doi: 10.1038/jidsymp.2009.8 PMID: 19675548.

30. Brennan M, Bhatti H, Nerusu KC, Bhagavathula N, Kang S, Fisher GJ, et al. Matrix metalloproteinase-1
is the major collagenolytic enzyme responsible for collagen damage in UV-irradiated human skin.
Photochem Photobiol. 2003; 78(1):43–8. PMID: Medline:12929747.

31. Brennan M, Bhatti H, Nerusu K, Bhagavathula N, Kang S, Fisher G, et al. Matrix metalloproteinase-1 is
the major collagenolytic enzyme responsible for collagen damage in UV-irradiated human skin. Photo-
chem Photobiol. 2003; 78(1):43–8. PMID: 12929747

32. Fisher GJ, Quan T, Purohit T, Shao Y, Cho MK, He T, et al. Collagen fragmentation promotes oxidative
stress and elevates matrix metalloproteinase-1 in fibroblasts in aged human skin. The American journal
of pathology. 2009; 174(1):101–14. Epub 2009/01/01. ajpath.2009.080599 [pii] doi: 10.2353/ajpath.
2009.080599 PMID: 19116368; PubMed Central PMCID: PMCPMC2631323.

33. Fisher GJ, Wang ZQ, Datta SC, Varani J, Kang S, Voorhees JJ. Pathophysiology of premature skin
aging induced by ultraviolet light. N Engl J Med. 1997; 337(20):1419–28. Epub 1997/11/14. doi: 10.
1056/NEJM199711133372003 PMID: 9358139.

34. Lambert E, Dasse E, Haye B, Petitfrere E. TIMPs as multifacial proteins. Crit Rev Oncol Hematol. 2004;
49(3):187–98. PMID: Medline:15036259.

35. Lu KV, Jong KA, Rajasekaran AK, Cloughesy TF, Mischel PS. Upregulation of tissue inhibitor of metal-
loproteinases (TIMP)-2 promotes matrix metalloproteinase (MMP)-2 activation and cell invasion in a
human glioblastoma cell line. Laboratory investigation; a journal of technical methods and pathology.
2004; 84(1):8–20. PMID: Medline:14631378.

36. Bissell MJ, HinesWC. Why don't we get more cancer? A proposed role of the microenvironment in
restraining cancer progression. Nat Med. 2011; 17(3):320–9. Epub 2011/03/09. nm.2328 [pii] doi: 10.
1038/nm.2328 PMID: 21383745.

37. Spencer VA, Xu R, Bissell MJ. Extracellular matrix, nuclear and chromatin structure, and gene expres-
sion in normal tissues and malignant tumors: a work in progress. Adv Cancer Res. 2007; 97:275–94.
Epub 2007/04/11. S0065-230X(06)97012-2 [pii] doi: 10.1016/S0065-230X(06)97012-2 PMID:
17419950; PubMed Central PMCID: PMC2912285.

38. Varani J, Schuger L, DameMK, Leonard C, Fligiel SE, Kang S, et al. Reduced fibroblast interaction
with intact collagen as a mechanism for depressed collagen synthesis in photodamaged skin. The Jour-
nal of investigative dermatology. 2004; 122(6):1471–9. Epub 2004/06/04. doi: 10.1111/j.0022-202X.
2004.22614.xJID22614 [pii]. PMID: 15175039.

39. Death AK, Fisher EJ, McGrath KC, Yue DK. High glucose alters matrix metalloproteinase expression in
two key vascular cells: potential impact on atherosclerosis in diabetes. Atherosclerosis. 2003; 168
(2):263–9. PMID: 12801609.

Molecular Basis of Aged-Appearing Skin in Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0153806 April 22, 2016 16 / 17

http://dx.doi.org/10.1007/s11357-013-9565-4
http://www.ncbi.nlm.nih.gov/pubmed/23881607
http://www.ncbi.nlm.nih.gov/pubmed/Medline:7684161
http://www.ncbi.nlm.nih.gov/pubmed/Medline:16675838
http://www.ncbi.nlm.nih.gov/pubmed/Medline:12577300
http://www.ncbi.nlm.nih.gov/pubmed/Medline:18373252
http://dx.doi.org/10.1007/978-1-60327-084-7_7
http://www.ncbi.nlm.nih.gov/pubmed/Medline:11990853
http://www.ncbi.nlm.nih.gov/pubmed/Medline:16405877
http://www.ncbi.nlm.nih.gov/pubmed/12485830
http://dx.doi.org/10.1038/379335a0
http://www.ncbi.nlm.nih.gov/pubmed/8552187
http://dx.doi.org/10.1038/jidsymp.2009.8
http://www.ncbi.nlm.nih.gov/pubmed/19675548
http://www.ncbi.nlm.nih.gov/pubmed/Medline:12929747
http://www.ncbi.nlm.nih.gov/pubmed/12929747
http://dx.doi.org/10.2353/ajpath.2009.080599
http://dx.doi.org/10.2353/ajpath.2009.080599
http://www.ncbi.nlm.nih.gov/pubmed/19116368
http://dx.doi.org/10.1056/NEJM199711133372003
http://dx.doi.org/10.1056/NEJM199711133372003
http://www.ncbi.nlm.nih.gov/pubmed/9358139
http://www.ncbi.nlm.nih.gov/pubmed/Medline:15036259
http://www.ncbi.nlm.nih.gov/pubmed/Medline:14631378
http://dx.doi.org/10.1038/nm.2328
http://dx.doi.org/10.1038/nm.2328
http://www.ncbi.nlm.nih.gov/pubmed/21383745
http://dx.doi.org/10.1016/S0065-230X(06)97012-2
http://www.ncbi.nlm.nih.gov/pubmed/17419950
http://dx.doi.org/10.1111/j.0022-202X.2004.22614.xJID22614
http://dx.doi.org/10.1111/j.0022-202X.2004.22614.xJID22614
http://www.ncbi.nlm.nih.gov/pubmed/15175039
http://www.ncbi.nlm.nih.gov/pubmed/12801609


40. Xue SN, Lei J, Lin DZ, Yang C, Yan L. Changes in biological behaviors of rat dermal fibroblasts induced
by high expression of MMP9. World J Emerg Med. 2014; 5(2):139–43. doi: 10.5847/wjem.j.1920-8642.
2014.02.011 PMID: 25215164; PubMed Central PMCID: PMCPMC4129873.

41. Tsai WC, Liang FC, Cheng JW, Lin LP, Chang SC, Chen HH, et al. High glucose concentration up-reg-
ulates the expression of matrix metalloproteinase-9 and -13 in tendon cells. BMCMusculoskelet Dis-
ord. 2013; 14:255. doi: 10.1186/1471-2474-14-255 PMID: 23981230; PubMed Central PMCID:
PMCPMC3765930.

42. McLennan SV, Fisher E, Martell SY, Death AK, Williams PF, Lyons JG, et al. Effects of glucose on
matrix metalloproteinase and plasmin activities in mesangial cells: possible role in diabetic nephropa-
thy. Kidney Int Suppl. 2000; 77:S81–7. PMID: 10997695.

43. Ho FM, Liu SH, Lin WW, Liau CS. Opposite effects of high glucose on MMP-2 and TIMP-2 in human
endothelial cells. J Cell Biochem. 2007; 101(2):442–50. doi: 10.1002/jcb.21192 PMID: 17203468.

44. Benbow U, Brinckerhoff CE. The AP-1 site and MMP gene regulation: what is all the fuss about? Matrix
biology: journal of the International Society for Matrix Biology. 1997; 15(8–9):519–26. PMID: 9138284.

45. Wilmer WA, Cosio FG. DNA binding of activator protein-1 is increased in humanmesangial cells cul-
tured in high glucose concentrations. Kidney Int. 1998; 53(5):1172–81. doi: 10.1046/j.1523-1755.1998.
00888.x PMID: 9573531.

46. Du X, Stocklauser-Farber K, Rosen P. Generation of reactive oxygen intermediates, activation of NF-
kappaB, and induction of apoptosis in human endothelial cells by glucose: role of nitric oxide synthase?
Free Radic Biol Med. 1999; 27(7–8):752–63. PMID: 10515579.

47. Kaminska B, Pyrzynska B, Ciechomska I, Wisniewska M. Modulation of the composition of AP-1 com-
plex and its impact on transcriptional activity. Acta Neurobiol Exp (Wars). 2000; 60(3):395–402. PMID:
11016082.

48. Quan T, Fisher GJ. Role of Age-Associated Alterations of the Dermal Extracellular Matrix Microenviron-
ment in Human Skin Aging: A Mini-Review. Gerontology. 2015. doi: 10.1159/000371708 PMID:
25660807.

49. Apelqvist J, Larsson J, Agardh CD. Long-term prognosis for diabetic patients with foot ulcers. J Intern
Med. 1993; 233(6):485–91. PMID: Medline:8501419.

50. Boyko EJ, Ahroni JH, Smith DG, Davignon D. Increased mortality associated with diabetic foot ulcer.
Diabet Med. 1996; 13(11):967–72. PMID: Medline:8946155.

51. Lopez-Lopez N, Gonzalez-Curiel I, Trevino-Santa Cruz MB, Rivas-Santiago B, Trujillo-Paez V, Enciso-
Moreno JA, et al. Expression and vitamin D-mediated regulation of matrix metalloproteinases (MMPs)
and tissue inhibitors of metalloproteinases (TIMPs) in healthy skin and in diabetic foot ulcers. Archives
of dermatological research. 2014; 306(9):809–21. doi: 10.1007/s00403-014-1494-2 PMID: 25168880.

52. Lobmann R, Ambrosch A, Schultz G, Waldmann K, Schiweck S, Lehnert H. Expression of matrix-metal-
loproteinases and their inhibitors in the wounds of diabetic and non-diabetic patients. Diabetologia.
2002; 45(7):1011–6. doi: 10.1007/s00125-002-0868-8 PMID: 12136400.

53. ZengW, Tahrani A, Shakher J, Varani J, Hughes S, Dubb K, et al. Effects of a synthetic retinoid on skin
structure, matrix metalloproteinases, and procollagen in healthy and high-risk subjects with diabetes. J
Diabetes Complications. 2011; 25(6):398–404. doi: 10.1016/j.jdiacomp.2011.10.002 PMID: 22055260;
PubMed Central PMCID: PMCPMC3240843.

54. Knas M, Niczyporuk M, Zalewska A, Car H. The unwounded skin remodeling in animal models of diabe-
tes types 1 and 2. Physiol Res. 2013; 62(5):519–26. PMID: 24020818.

55. Muller M, Trocme C, Lardy B, Morel F, Halimi S, Benhamou PY. Matrix metalloproteinases and diabetic
foot ulcers: the ratio of MMP-1 to TIMP-1 is a predictor of wound healing. Diabet Med. 2008; 25(4):419–
26. doi: 10.1111/j.1464-5491.2008.02414.x PMID: 18387077; PubMed Central PMCID:
PMCPMC2326726.

Molecular Basis of Aged-Appearing Skin in Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0153806 April 22, 2016 17 / 17

http://dx.doi.org/10.5847/wjem.j.1920-8642.2014.02.011
http://dx.doi.org/10.5847/wjem.j.1920-8642.2014.02.011
http://www.ncbi.nlm.nih.gov/pubmed/25215164
http://dx.doi.org/10.1186/1471-2474-14-255
http://www.ncbi.nlm.nih.gov/pubmed/23981230
http://www.ncbi.nlm.nih.gov/pubmed/10997695
http://dx.doi.org/10.1002/jcb.21192
http://www.ncbi.nlm.nih.gov/pubmed/17203468
http://www.ncbi.nlm.nih.gov/pubmed/9138284
http://dx.doi.org/10.1046/j.1523-1755.1998.00888.x
http://dx.doi.org/10.1046/j.1523-1755.1998.00888.x
http://www.ncbi.nlm.nih.gov/pubmed/9573531
http://www.ncbi.nlm.nih.gov/pubmed/10515579
http://www.ncbi.nlm.nih.gov/pubmed/11016082
http://dx.doi.org/10.1159/000371708
http://www.ncbi.nlm.nih.gov/pubmed/25660807
http://www.ncbi.nlm.nih.gov/pubmed/Medline:8501419
http://www.ncbi.nlm.nih.gov/pubmed/Medline:8946155
http://dx.doi.org/10.1007/s00403-014-1494-2
http://www.ncbi.nlm.nih.gov/pubmed/25168880
http://dx.doi.org/10.1007/s00125-002-0868-8
http://www.ncbi.nlm.nih.gov/pubmed/12136400
http://dx.doi.org/10.1016/j.jdiacomp.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22055260
http://www.ncbi.nlm.nih.gov/pubmed/24020818
http://dx.doi.org/10.1111/j.1464-5491.2008.02414.x
http://www.ncbi.nlm.nih.gov/pubmed/18387077

