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Abstract

Diabetic skin has impaired wound healing properties following injury. We have further shown that
diabetic skin has weakened biomechanical properties at baseline. We hypothesize that the
biomechanical properties of diabetic skin decline during the progression of the diabetic phenotype,
and that this decline is due to the dysregulation of miR-29a, resulting in decreased collagen
content. We further hypothesize that treatment with mesenchymal stem cells (MSCs) may improve
diabetic wound healing by correction of the dysregulated miR-29a expression. We analyzed the
biomechanical properties, collagen gene expression, collagen protein production, and miR-29a
levels in skin harvested from 6 to 18 week old mice during the development of the diabetic
phenotype. We also examined the correction of these impairments by both MSC treatment and the
inhibition of miR-29a. Diabetic skin demonstrated a progressive impairment of biomechanical
properties, decreased collagen content, and increased miR-29a levels during the development of
the diabetic phenotype. MSC treatment decreased miR-29a levels, increased collagen content, and
corrected the impaired biomechanical properties of diabetic skin. Additionally, direct inhibition of
miR-29a also increased collagen content in diabetic skin. This decline in the biomechanical
properties of diabetic skin during the progression of diabetes may increase the susceptibility of
diabetic skin to injury and miR-29a appears to play a key role in this process.

Diabetes mellitus is a worldwide pandemic. An estimated 29 million Americans suffer from
diabetes, which results in substantial morbidity and mortality as well as annual health care
expenditures in excess of $176 billion (Data from the 2014 National diabetes fact sheet;
available at http://www.cdc.gov/diabetes/data/statistics/2014Statistics-Report.html). This
significant healthcare burden is the result of a progressive disease process and associated

Reprint requests: Junwang Xu, PhD, Assistant Professor, Department of Surgery, University of Colorado Denver—Anschutz Medical
Campus, Aurora, Colorado 80045. Tel: +303 724 8738; Junwang.Xu@ucdenver.edu.

Confflict of Interest. The authors have nothing to disclose and declare no conflict of interest.

SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article.


http://www.cdc.gov/diabetes/data/statistics/2014Statistics-Report.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zgheib et al.

Page 2

complications, particularly the development of chronic wounds and infections. Prolonged,
uncontrolled diabetes can lead to impaired skin integrity, neuropathy, and increased
susceptibility to bacterial infection, all of which predispose the skin to injury.2-> Chronic
wounds are the leading cause for hospital admission in diabetic patients and are the number
one cause of nontraumatic lower extremity amputations.5 Current clinical therapies focus on
foot hygiene and preventive measures, as 85% of all amputations in diabetes are thought to
be preventable. Preventive strategies have been proven effective; however, they often fail
secondary to poor patient compliance and the persistent pathophysiologic derangements of
diabetic wounds.”8 Given the projected increase in the burden of disease attributable to
chronic diabetic wounds, innovative strategies are needed for the both prevention and
treatment of this growing clinical problem.

Numerous studies have shown that the biomechanical properties of diabetic skin are
impaired after injury.® However, few studies have assessed the biomechanical properties of
diabetic skin at baseline. Previously, we have shown that both murine and human diabetic
skin are biomechanically inferior, with both lower elasticity and decreased maximum stress
relative to nondiabetic skin at baseline.2 We have further demonstrated that protein levels of
type | collagen—the main component of the skin’s extracellular matrix responsible for its
structural integrity—are lower in diabetic skin, despite their elevated gene expression.2 This
discrepancy suggests a possible defect in the regulation of collagen protein synthesis at the
posttranscriptional level, as would be observed due to the effect of microRNAs on collagen
synthesis.

MicroRNAs are a class of small, noncoding RNA molecules that inhibit gene expression at
the posttranscriptional level.10 Complementary binding of microRNAs to the 3-untranslated
region of their target messenger RNA (mRNA) results in posttranscriptional repression
and/or mRNA degradation.!! In particular, microRNA-29a (miR-29a) has been shown to
play an important role in the posttranscriptional regulation of collagen production and is
inversely associated with collagen content,12.13

Mesenchymal stem cells (MSCs) are multipotent cells that play an important role in tissue
repair by promoting the production of growth factors, cytokines, collagens, and the
correction of dysregulated miRNAs expression, while also maintaining the ability to
differentiate into multiple cell lineages; these characteristics form the foundation for the
therapeutic role of MSCs in wound healing.14-18 In mice, MSCs have been shown to correct
impaired diabetic wound healing; however, there has not yet been an evaluation of the
impact of MSCs on the biomechanical properties of diabetic skin.19:20

Thus, we hypothesize that the biomechanical properties of diabetic skin decline with the
development and progression of the diabetic phenotype and that treatment with MSCs
improves the impaired biomechanical properties. Furthermore, we hypothesize that
treatment with MSCs improves the biomechanical properties of diabetic skin via the
correction of abnormal miR-29a expression. To test these hypotheses, we characterized the
biomechanical properties of diabetic and nondiabetic human skin, and the biomechanical
properties of diabetic and nondiabetic murine skin before and after treatment with MSCs in
6-18 week old mice; furthermore, we defined the expression profile of miR-29a and its
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target gene in human and murine, diabetic and nondiabetic skin and evaluated the expression
of miR-29a before and after treatment with either MSCs or a lentivirus expressing miR-29a
inhibitor in diabetic and nondiabetic murine skin.

METHODS

Animals

All experimental protocols were approved by the Institutional Animal Care and Use
Committee at University of Colorado Denver—Anschutz Medical Campus and followed the
guidelines described in the NIH Guide for the Care and Use of Laboratory Animals. Age-
matched, female, genetically diabetic C57BKS.Cg-m/Leprdb/J mice and heterozygous,
nondiabetic, female controls were used in these experiments. In our study population, the
development of the diabetic phenotype was monitored by serial measurements of weight and
serum blood glucose, with blood glucose >200 mg/dL considered confirmatory for a
diagnosis of diabetes.

Murine skin biomechanical testing

To evaluate the biomechanical characteristics of skin during the development of the diabetic
phenotype, biomechanical testing was performed on skin from 4-, 8-, 12-, 16-, and 18-
weeks-old diabetic and nondiabetic female mice (7= 5 per group). Biomechanical testing
was also done 28 days after either MSC or PBS (vehicle or control) treatment of skin from
12-week-old diabetic and nondiabetic mice. Skin samples immediately underwent testing
after harvest; all samples had their subcutaneous tissue removed, and a uniform, dumbbell-
shaped testing unit was stamped out using well-established, previously described techniques.
21 Cranial-caudal orientation was preserved. Two Verhoeff stain lines were placed on either
end of the dumbbell shape, demarcating the gauge length of the testing area. We measured
the cross-sectional area of each sample first, by using a custom laser-based device that
translates the tissue underneath a charged, coupled device laser into a measurement of
thickness. Position data using two linear variable differential transformers were used in
conjunction with the thickness data to calculate an average cross-sectional area within the
gauge length. Thus, the mean cross-sectional area of the sample tested was calculated as
precisely as possible to ensure that an accurate modulus and maximum stress were
calculated. The ends of the testing unit were fixed between sandpaper using a cyanoacrylate
adhesive to prevent slipping. The testing unit was mounted in custom designed fixtures and
tested in tension using an Instron 5543 test frame (Instron, Norwood, MA). Each testing unit
underwent a previously established protocol.22 In short, the testing unit was submerged in a
37 °C PBS bath, preloaded to 0.005 Newtons (N), held for 120 seconds, and then subjected
to a constant increase in force until the sample failed (as evidenced by tearing of the skin)
and was no longer able to hold tension. Using the stain lines, local tissue strain was
measured optically and analyzed using Matlab software (The MathWorks, Natick, MA).23
Maximum stress to failure was calculated using linear regression from the linear region of
the stress-strain curve. The modulus of elasticity was calculated as the slope of the stress-
strain curve within the elastic region of the ramp to failure.
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MSC treatment of diabetic and nondiabetic skin

MSCs were isolated from bone marrow of transgenic adult mice expressing green
fluorescent protein as previously described.24 MSC identities were confirmed by staining for
cell surface markers, as previously described.2> An 8 mm? skin area on the back of 12 weeks
old diabetic and nondiabetic female mice was treated with 40 gL of an intradermal injection
of either 1 x 106 MSC or PBS alone (7= 5 per group). The site was marked with India ink
for later identification. Twenty-eight days after injection, mice were euthanized with inhaled
COy, prior to cervical dislocation and the skin was harvested for analysis.

MiR-29a inhibition in vivo

An 8 mm? area on the back of 12 weeks old diabetic and nondiabetic female mice was
treated with an intradermal injection of 107 PFU/mL lentivirus expressing miR-29a inhibitor
(miR-29ai) or a lentivirus expressing a control miR (miR-CTL) in a total volume of 40 /L.
The site was marked with India ink for later identification. Seven days after injection, mice
were euthanized and skin harvested for analysis.

Extraction of collagen and Western blot for collagens | and Il

Histology

Collagen was extracted using previously published methods.26:27 Skin samples were cut into
1-mm pieces and homogenized in a 0.5 M acetic acid solution containing 1x protease
inhibitor cocktail and 5 mmol/L EDTA. Homogenates were then centrifuged for 4 hours at 4
°C at 16.1 x 103g. The lipid layer was aspirated and the process repeated. The protein
concentration of the supernatant, which contains total collagen, was quantified and
standardized to 1 £g/2 g4 using a sample buffer and was subsequently boiled at 95 0C for 5
minutes. Samples were run with standardized quantities (positive control) of collagen | and
collagen 11 (Abcam 7533 and Abcam 7535, respectively, Abcam, Cambridge, United
Kingdom). Tris-acetate gels (3—8%) were run at 150 V for 1 hour and then transferred at 30
V overnight at 4 °C. The membranes were blocked 1:1 Odyssey blocking buffer-1X-PBS for
1 hour at room temperature then incubated with collagen I or 11l antibodies (Abcam,
Cambridge, MA) at a 1:2000 and 1:1000 dilution, respectively, for 1 hour at room
temperature, washed with 1x-PBS-0.1%Tween, and subsequently incubated with Li-Cor
secondary antibody (anti-rabbit 1gG; LiCor, Lincolin, NE) at 1:10,000 for 1 hour at room
temperature. The immunoreactive bands were quantified using the Li-COR Odyssey infrared
imaging system. Collagen | and Il1 protein expression was normalized to the expression of
the respective positive control.

Skin samples were immediately fixed in 10% neutral buffered formalin (Sigma-Aldrich, St.
Louis, MO). The tissue was then processed by using a histoprocessor (Leica TP1050).
Paraffin sections (4 um thick) were obtained and mounted on slides (Fisher Scientific,
Pittsburgh, PA) and incubated overnight at 11.1 °C. Slides were deparaffinized in xylene (3
% 10 min) followed by graded ethanol rehydration (2 x 100%, 95%, 75%) to distilled water.
Masson’s trichrome staining was then performed. Two blinded observers analyzed collagen
deposition. A total of 10 high-power fields per slide were examined.
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Real time PCR analysis

Total RNA from samples of skin from diabetic and non-diabetic mice and humans was
extracted and purified after homogenization in TRIzol (Invitrogen, Life Technologies,
Carlsbad, CA) and following the manufacturer’s instructions. RNA was converted into
cDNA using the SuperScript First-Strand Synthesis System (Invitrogen, Life Technologies).
The miRNA Reverse transcriptase kit was used to prepare cDNA for miRNA. Real time
quantitative PCR was performed with the BioRad CFX-960 thermal cycler (BioRad,
Hercules, CA). Primers for collagen la.2 (Colla2), collagen Illal (Col3al), and miR-29a
were amplified using the TagMan gene expression assay (Applied Biosystems, Foster City,
CA). Internal normalization was achieved by using the housekeeping gene (18s for gene
expression and U6 for miRNA expression). Samples (/7= 5 per group) were amplified in
triplicate and results were averaged for each individual sample. Results are reported as mean
+ SEM.

Acquisition of human skin

All research was approved through the institutional review board at the University of
Colorado—Anschutz Medical Campus. Samples were obtained through National Disease
Research Interchange. Human skin samples were collected from the anterior portion of the
lower extremity of individuals both with and without Type 2 diabetes (/7= 5 per group);
these samples were immediately flash frozen in liquid nitrogen. Samples were obtained from
patients who were 5575 years of age and were without known comorbid malignancy or
history of either radiation or chemotherapy. Clinical data was not available regarding the
gender or duration of diabetes in these individuals.

Statistical analysis

RESULTS

Results are expressed as mean + SEM. Statistical significance involving single comparisons
was determined by a Student’s #test. For multiple comparisons, ANOVA followed by an
appropriate post hoc test as noted was performed. A p < 0.05 was taken as significant. All
statistics were performed using Graphpad Prism Software (LaJolla, CA).

The onset of diabetes starts at 6 weeks of age in diabetic mice

Weight and blood glucose levels measurement in 4-, 6-, 8-, 10-, 12-, 16-, and 18-weeks-old
diabetic and nondiabetic mice showed a progressive increase in the weight and glucose
levels in diabetic mice with a significant difference at each time point compared with
nondiabetic mice starting at week 6 (Supporting Information Figure S1), with diabetic mice
developing average serum glucose levels >200 mg/dL after 6 weeks of age. The increase in
these levels reflects the development and progression of the diabetic phenotype in the
diabetic mice.
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The biomechanical properties of diabetic skin decline with the development of the diabetic
phenotype

Dorsal skin from these mice was exposed to mechanical stress (/7=5 per age group). The
biomechanical analysis was initially performed in mice 4-18 weeks of age; no significant
difference in the elasticity, strength, or maximum load was noted when comparing diabetic
and nondiabetic mice at 4 weeks of age, suggesting that the diabetic phenotype is not
established enough to impact the components of the extracellular matrix in this age group.
Beyond 8 weeks of age, diabetic murine skin demonstrated a consistently decreased ability
to resist mechanical stress when compared with nondiabetic skin. There was a trend for
increased maximum stress to failure in diabetic skin compared to nondiabetic skin at 4
weeks, prior to development of the diabetic phenotype; however, from week 8 to week 18,
diabetic skin showed significantly lower maximum stress to failure, when compared with
nondiabetic skin (Figure 1A). The elastic modulus was significantly higher in diabetic skin
at 4 weeks of age (9.14 + 4.84 vs. 2.72 + 1.7 MPa, p= 0.01); however, by 8 weeks (3.82
0.3vs. 7.14 + 2.46 MPa, p=0.06) and up to 18 weeks (6.0 + 1.8 vs. 7.36 £ 1.2 MPa, p=
0.03), nondiabetic skin demonstrated superior biomechanical strength (Figure 1B).

Collagen protein expression is decreased in diabetic skin

Real time PCR analysis of collagen gene expression demonstrated significant differences
between diabetic and non-diabetic murine skin. Colla2 and Col3a.1 gene expression were
higher in the diabetic murine skin at all age-points when compared to nondiabetic murine
skin (Figure 2A and B). However, the protein expression of Col-1 was lower in diabetic skin
at 18 weeks when compared with nondiabetic skin at 18 weeks or diabetic skin at 4 weeks
(Figure 2C, D). Col-I1I protein levels (upper band; marked with black arrows; 130 KDa),
however, were much higher in both diabetic and nondiabetic murine skin at 18 weeks when
compared with the 4 week time point. In addition, we detected the presence of a lower
molecular weight (MW) band of Col-111 (~120 KDa). Interestingly, this lower MW form of
Col-111 seems to be predominant in both diabetic and nondiabetic skin at a younger age.

MiR-29a expression is increased in diabetic skin

Real-time PCR analysis showed increased miR-29a expression levels in murine diabetic skin
with the development and progression of the diabetic phenotype (p < 0.001; Figure 3A).
MiR-29a expression was significantly higher in the diabetic skin at both 12 weeks (36.6 £
4.0vs.5.7+1.3, p<0.001) and 18 weeks (54.7 + 5.2 vs. 29.1 + 3.3, p< 0.001) compared
with both nondiabetic skin and diabetic skin from earlier age points. Furthermore, Figure 3B
demonstrates that miR-29a expression in human diabetic skin is significantly up-regulated
compared with miR-29a levels in nondiabetic human skin.

MSC treatment corrected the impaired biomechanical properties of diabetic skin

While there was no significant difference in the maximum load tolerated by murine diabetic
skin, treatment with MSCs demonstrated a significant improvement in elasticity and
strength, as shown by the increased modulus (10.01 £ 2.06 vs. 1.82 £ 0.39) and maximum
stress to failure (1.57 £ 0.21 vs. 0.62 + 0.06) compared with PBS-treated skin (Figure 4A).
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Treatment of nondiabetic skin with MSC did not affect the maximum stress or elastic
modulus, however it did improve the maximum load (Figure 4B).

MSC increased collagen levels in diabetic skin

Lower Col-1 protein expression was observed in diabetic murine skin treated with PBS when
compared to nondiabetic skin treated with PBS. However, in diabetic skin treated with
MSCs, Col-I protein levels increased to the levels observed in nondiabetic murine skin
treated with PBS (Figure 5A and B). Col-111 protein levels were increased in the diabetic
skin treated with MSC (Figure 5A and B). Masson’s Trichrome staining showed that
collagen levels in diabetic skin (PBS) are significantly lower than in nondiabetic skin (PBS).
28 days following MSC treatment, collagen levels where increased in diabetic skin
compared with the diabetic skin treated with PBS. There was no significant difference in
nondiabetic skin treated with MSC compared with PBS (Figure 5C).

Mir-29a levels were decreased with MSC treatment

Real time PCR analysis showed decreased miR-29a expression in the MSC-treated diabetic
skin compared with the PBS-treated group 28 days following treatment. A similar decrease
in miR-29a expression was seen in the nondiabetic skin treated with MSC (Figure 5D).

MiR-29a inhibition increases collagen expression in diabetic skin

Following injection with lenti-miR-29ai (miR-29a inhibitor), levels of miR-29a in the
diabetic skin (Figure 6A) were decreased to the levels observed in nondiabetic skin.
Collagen protein expression was increased in the lenti-miR-29a inhibitor treated group
compared with the control group (Figure 6B). Masson’s trichrome staining showed that
miR-29a inhibition increased collagen levels in diabetic skin compared with control (Figure
6C).

DISCUSSION

We have demonstrated that the biomechanical properties of diabetic skin decline
significantly with the development and progression of the diabetic phenotype, and we have
further shown that this decline in the biomechanical properties of diabetic skin is associated
with decreased levels of collagen I. This decrease in collagen | protein content is despite
significant increases in collagen | gene expression, which we have shown may be attributed
to increasing levels of miR-29a inhibiting translation at the posttranscriptional level. We also
show that inhibition of miR-29a in diabetic skin decreases miR-29a expression to the levels
observed in nondiabetic skin at baseline, while subsequently increasing collagen levels.
Results further demonstrate that treatment of murine diabetic skin with MSCs corrects the
impaired biomechanical properties, the elevated levels of miR-29a, and the decreased
collagen levels observed in diabetic skin at baseline. These results suggest that the correction
of the diabetic phenotype observed in skin treated with MSCs is mediated by inhibition of
miR-29a. In addition to our previous work describing the impaired biomechanical properties
of human diabetic skin,2 we now show that human diabetic skin demonstrates elevated
miR-29a expression, as was observed in murine diabetic skin. To our knowledge, this is the
first evidence that the biomechanical properties of diabetic skin decline with the progression
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of the diabetic phenotype and that up-regulated expression of miR-29a may be partly
responsible for the low collagen levels observed in diabetic skin. Furthermore, this is the
first evaluation of miR-29a expression in human skin.

Factors that place diabetic skin at an increased risk of injury may play a significant role in
the pathogenesis of chronic diabetic wounds. Normal wound healing requires that the skin
surrounding the wound be capable of providing structural support for the formation of
granulation tissue. However, diabetic skin demonstrates impaired biomechanical properties,
disorganized extracellular matrix, and chronic inflammation following injury.28 The
impaired wound healing response observed in diabetic patients has been attributed to
alterations in growth factor production, cellular recruitment, angiogenesis, and extracellular
matrix production and degradation.28 However, little research has focused on baseline
impairments in diabetic skin that may predispose to injury. Very few studies have sought to
characterize the baseline biomechanical properties of intact diabetic skin; instead, the
majority of studies have examined it in the wounded state. The limited number of studies
investigating baseline biomechanical properties of diabetic skin describe increased stiffness
and decreased elasticity.2%:30 In this study, we not only examine the baseline biomechanical
characteristic of diabetic skin, confirming the decreased tensile strength of diabetic skin, but
also demonstrate this decrease in tensile strength is associated with decreased collagen
deposition attributed to posttranscriptional modification of collagen expression, likely due to
increased levels of miR-29a. The decreased elasticity, tensile strength, and collagen
deposition in baseline diabetic skin may contribute to an increased predisposition to injury
and the subsequent poor wound healing observed in diabetic skin.

Collagen is the main component of the skin’s extracellular matrix and plays an important
role in its integrity. The maintenance of collagen protein levels is regulated by a complex
balance between synthesis and degradation, including the activity of matrix
metalloproteinases and posttranscriptional regulation by microRNAs. Collagen is a validated
target of miR-29a.31:32 As an inhibitor of collagen expression, miR-29a expression is
typically reduced in fibrosis-associated disease, and has been shown to play a key role in
cardiac,32 pulmonary,32 and kidney fibrosis,3435 and fibroblast cell lines from systemic
sclerosis also tend to display reduced miR-29 expression.36 Forced expression of miR-29 in
such cell lines significantly decreased the levels of mMRNA and protein for type | and type Il
collagen.36 Moreover, systemic delivery of miR-29a can attenuate liver fibrosis in carbon
tetrachloride (CCl4)-induced mice34:37 and renal fibrosis by decreasing collagen expression.
35 |n patients with hypertrophic cardiomyopathy, circulating miR-29a is proposed to be the
only biomarker for both hypertrophy and fibrosis.38 Together, these findings support
miR-29a is the key regulator of collagen expression. We have sought to examine one aspect
of this complex balance, demonstrating that miR-29a expression is increased in the diabetic
phenotype, with a concomitant decrease in collagen protein content. Conversely, miR-29a
inhibition was successful in decreasing miR-29a expression in diabetic skin and was further
associated with an increase in collagen protein content.

Previous studies have shown that MSCs can accelerate healing in both nondiabetic and
diabetic mouse models,2%:3940 and have also been shown to improve healing in nondiabetic
human skin.3° This correction with MSC therapy involves multiple aspects of the wound
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healing response, including reepithelialization, granulation tissue formation, and
neovascularization.2540 Many of the effects of MSC treatment are thought to be due to the
release of soluble factors that regulate the local cellular response, affecting multiple
signaling pathways.#1-43 One of the novel findings of this study is that diabetic skin treated
with MSCs also show significantly improved biomechanical properties. This improvement is
associated with a down-regulation in miR-29a expression and up-regulation in the protein
levels of its target gene, collagen. These data provide evidence that treatment with MSCs
enhances the ability of diabetic skin to resist stress by reversing the impaired miR-29a and
collagen levels seen in baseline diabetic skin.

These results indicate promising directions for pursuit of novel therapies for prevention of
diabetic wounds; however, our study design does have several limitations. While in vivo
analysis using human tissues would be optimal, there are insurmountable ethical
considerations regarding application of a novel therapy to a human subject without prior
evaluation using animal models. As such, our study is limited by use of an animal model of
diabetes; however, our model used diabetic C57BKS.Cg-m/Leprdb/J mice, which have been
recommended as the strain of choice for evaluation of similar diabetic complications,
including diabetic neuropathy.#* Finally, we acknowledge that the dermal extracellular
matrix is composed of multiple elements, with collagen being only one component.
However, a comprehensive analysis of the impact of the diabetic phenotype on all
components of the dermal matrix is beyond the scope of this analysis.

Our results suggest that therapies directed at miR-29a regulation may improve the impaired
biomechanical properties of diabetic skin, with the goal of preventing the initial injuries
leading to chronic diabetic wounds. As the global burden of diabetes reaches pandemic
proportions, novel therapies are needed to improve preventative strategies to minimize the
burden of disease attributable to chronic diabetic wounds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Biomechanical properties of diabetic and nondiabetic murine skin at 4, 8, 12, 16, and 18

weeks of age. (A) The maximum load sustained prior to failure (N) in diabetic versus
nondiabetic skin samples over 4-18 weeks of age. (B) The maximum stress to failure (MPa)
in diabetic versus nondiabetic skin samples over 4—-18 weeks of age. (C) The elastic modulus
(MPa) measured in diabetic versus nondiabetic skin samples over 4-18 weeks of age. Data is
presented as a mean + standard error of the mean (SEM) for each cohort. Student’s ¢test was
used to compare non-diabetic skin vs. diabetic skin at each time point, with *p < 0.05.
Abbreviation: Max = Maximum.

Wound Repair Regen. Author manuscript; available in PMC 2020 November 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zgheib et al.

Page 14

A 70 * Col 1a2
= .
2601
s
L
@
H
.40 - *
3
E T DNondisbetc
_gm 1 * ®Diabotic
" 1 *
L - *
2204 1 8 I
2 - :
e 10 4
E |’ = x
[gEl SN EEE =Nl =Enm =

4 whs 8 wks 12whks 16wks 18 wks

45 x Col 3a1
S0
2
g a5 | . s *
‘g” I : [ -
|
25 |
: . O Nonduabebc
220 4 T " fy—
515 | r
[
< 10
F
E 5] ) "
0 — . — — 5
4 whs B whs 12 whs 16 whs 18 wks
- - H
4 Weoks = g 18 Weeks % E
] Aiatk e N Py
Diabetic $ & Diabetic_ § &
Collagcnlt | TS | o e =
collagent| =N BDEEE" I" Beae —==-w. |=130KDa
D
P " £ 4 Weeks
g BB 18 Weeks
o
= *
s 1.5
2
o
b1
o
H 1.0
]
E
2
£ 05 * ’l‘
o
=
8 i
5]
0.0
Non-Db Db Non-Db ob

Coll Colll

Figure 2.
Collagen gene and protein expression in diabetic and nondiabetic murine skin. (A) Relative

gene expression for collagen la.2 in skin samples from diabetic (7= 5) versus nondiabetic (n
=5) mice at 4 and 18 weeks of age. (B) Relative gene expression for collagen Illal as
measured in skin samples from diabetic (/7= 5) versus nondiabetic (/7= 5) mice at 4 and 18
weeks of age. (C) Collagen I and 111 (upper band; black arrows) levels as demonstrated by
Western blots obtained from skin samples from age-matched, nondiabetic, and diabetic mice
at 4 and 18 weeks of age. (D) Collagen I and 11 protein levels as quantified by Western blot.
These findings are representative of five independent experiments. Data is presented as a
mean + SEM for each cohort. Student’s #test was used to compare nondiabetic skin to
diabetic skin at each time point, with *p < 0.05; **p < 0.001.
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Figure 3.

MiR-29a gene expression in diabetic and non-diabetic murine (A) and human (B) skin. (A)
Real-time quantitative PCR analysis of miR-29a levels in murine diabetic and nondiabetic
skin at different age points. (B) Real-time quantitative PCR analysis of miR-29a levels in
human diabetic and nondiabetic skin. MiR-29a gene expression was calculated after
normalizing with U6. Results are presented as a mean- + SEM for each cohort. Student’s ¢
test was used to compare nondiabetic skin to diabetic skin at each time point, with *p < 0.05.
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Figure 4.
Effect of MSC treatment on the biomechanical properties of diabetic and nondiabetic murine

skin. (A) The maximum load (N), maximum stress (MPa), and elastic modulus (MPa)
measured in skin samples from 12 weeks old diabetic mice previously treated with 1 x 106
MSC (black bars) or PBS (white bars) for 28 days. (B) The maximum load (N), maximum
stress (MPa), and elastic modulus (MPa) measured in skin samples from 12-week-old
nondiabetic mice treated with 1 x 108 MSC (black bars) or PBS (white bars) for 28 days.
Results are presented as a mean + SEM for each cohort. Student’s #test was used to compare
the maximum load, maximum stress, and elastic modulus for nondiabetic skin treated with
PBS vs. nondiabetic skin treated with MSC or diabetic skin treated with PBS vs. diabetic
skin treated with MSC, with *p < 0.05. Max, Maximum.

Wound Repair Regen. Author manuscript; available in PMC 2020 November 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Zgheib et al.

Page 17

A Collagen | +PBS +MSC Positive

Diabetic

-]

Collagen lil +PBS +MsC Poatitve,

Diabetic

Nsmﬂ:bﬂtcl et St St e

Collagen |
*

Collagen lil

Normalized levels
Normalized levels

Relative content of collagen in skin (%)

ns

mIRNA relative expression level

22w esed

Figureb.
Effect of MSC treatment on collagen and miR-29a levels in diabetic and nondiabetic murine

skin. (A) Western blot depicting collagen | and 111 protein levels in 16-week-old nondiabetic
and diabetic murine skin treated with MSCs or PBS for 28 days. (B) Quantification of
collagen I and Il protein by Western blot. C: Masson’s trichrome stain of representative
sections of diabetic and nondiabetic skin after 28 days of treatment with 1 x 108 MSC (n=
5) or PBS (n=5) and graphical representation of collagen (blue stain) content quantification
from masson’s trichrome staining. (D) Relative expression of miR-29a in diabetic and
nondiabetic murine skin treated with MSC or PBS for 28 days. Data was analyzed by one-
way ANOVA followed by Bonferroni’s post hoc test (*p < 0.05; **p < 0.001; ***p <
0.0001; ns = nonsignificant).
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Figure 6.
Effect of miR-29a inhibition on miR-29a levels and collagen protein expression in diabetic

and nondiabetic murine skin. (A) Relative expression of miR-29a in diabetic or nondiabetic
skin 7 days following treatment with either lenti-miR29a inhibitor (miR-29a-i) or lenti-miR-
control (miR-CTL). (B) Western blot analysis and quantification of collagen | protein
expression in diabetic or nondiabetic murine skin after 7 days of treatment with miR-29a-i
or miR-CTL. Results are presented as a mean + SEM for each cohort. (C) Masson’s
trichrome stain of representative sections of diabetic and nondiabetic skin after treatment
with lenti-miR-29a inhibitor (7= 15) or lenti-miR-CTL (n#=5) for 7 days and graphical
representation of collagen (blue stain) content quantification from Masson’s trichrome
staining. Data was analyzed by one-way ANOVA followed by Bonferroni’s post hoc test (*p
< 0.05; **p < 0.001; ***p < 0.0001; ns=nonsignificant).
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