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The Role of MicroRNA-146a in the Pathogenesis of the
Diabetic Wound-Healing Impairment

Correction With Mesenchymal Stem Cell Treatment
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The impairment in diabetic wound healing represents a significant
clinical problem. Chronic inflammation is thought to play a central
role in the pathogenesis of this impairment. We have previously
shown that treatment of diabetic murine wounds with mesenchy-
mal stem cells (MSCs) can improve healing, but the mechanisms
are not completely defined. MicroRNA-146a (miR-146a) has been
implicated in regulation of the immune and inflammatory
responses. We hypothesized that abnormal miRNA-146a expres-
sion may contribute to the chronic inflammation. To test this
hypothesis, we examined the expression of miRNA-146a and its
target genes in diabetic and nondiabetic mice at baseline and after
injury. MiR-146a expression was significantly downregulated in
diabetic mouse wounds. Decreased miR-146a levels also closely
correlated with increased gene expression of its proinflammatory
target genes. Furthermore, the correction of the diabetic wound-
healing impairment with MSC treatment was associated with
a significant increase in the miR-146a expression level and
decreased gene expression of its proinflammatory target genes.
These results provide the first evidence that decreased expres-
sion of miR-146a in diabetic wounds in response to injury may, in
part, be responsible for the abnormal inflammatory response
seen in diabetic wounds and may contribute to wound-healing
impairment. Diabetes 61:2906-2912, 2012

hronic wounds are a common and severe com-

plication of diabetes and are associated with

significant morbidity and mortality (1). The im-

paired healing of diabetic wounds has been
characterized by decreased production of chemokines (2),
decreased angiogenesis (3), and an abnormal inflammatory
response (4). Increasing evidence suggests that the persis-
tent upregulation of inflammatory gene expression may
contribute to the pathogenesis of the chronic diabetic
wound through activation of inflammatory pathways (5-7).
However, the molecular pathophysiology that underlies the
abnormal inflammatory response in diabetic wound-healing
impairment remains poorly defined.

Mesenchymal stem cells (MSCs) are multipotent cells
derived from the stroma of bone marrow and other tissues
and can give rise to multiple tissues in vivo and in vitro (8).
MSCs have been demonstrated as active participators in
tissue-repair by promoting production of multiple growth
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factors, cytokines, collagens, and matrix metalloproteinases
(9-11). The ability of MSCs to regenerate tissues (12,13) and
differentiate into multiple cell lineages, including keratino-
cytes, endothelial cells, and pericytes (14,15), highlights the
potential of MSCs in wound-healing applications. MSCs
have been shown to correct diabetic wound healing in mice
by accelerating epithelialization and increasing granulation
tissue and angiogenesis (16,17); however, the exact molec-
ular mechanisms of this correction have not been well
characterized.

MicroRNAs (miRNAs) are 19 to 22 nucleotides long and
negatively regulate gene expression at the post-transcriptional
level by binding to the 3’ untranslated region (UTR) of spe-
cific mRNAs (18). Several miRNAs have been found in skin
tissue and are thought to play a crucial role in a wide range of
biologic processes, including the regulation of innate and
adaptive immune responses (19-21).

MiR-146a has been described as one of the key regulatory
molecules in the inflammatory response. It can be induced
by different proinflammatory stimuli, such as interleukin-13
(IL-18) and tumor necrosis factor-a (TNF-o) (22,23).
MiRNA-146a has also been reported to negatively regulate
the innate immune response by targeting and repressing IL-1
receptor-associated kinase 1 (IRAK1) and TNF receptor-
associated factor 6 (TRAF6) (23). As two key adapter mol-
ecules of the nuclear factor (NF)-kB pathway, IRAK1 and
TRAF6 increase NF-kB activity, resulting in increased ex-
pression of the genes expressing IL-6 and IL-8 (24), which
are key mediators of inflammation.

Dysregulation of miR-146a has been demonstrated in sev-
eral chronic inflammatory diseases, such as psoriasis (21),
rheumatoid arthritis (25), and systemic lupus erythematosus
(26). Furthermore, miR-146a modulates innate immunity
through regulation of Toll-like receptor signaling and cyto-
kine responses (22,23). Targeted deletion of miR-146a in
mice results in inflammatory disorders, demonstrating that
miR-146a plays a key role as a molecular brake on in-
flammation (27). The role of miRNA-146a in the abnormal
inflammatory response observed in diabetic wound-healing
impairment, or the correction of this impairment, has not
been examined.

We hypothesized that decreased miR-146a may, in part,
be responsible for the abnormal inflammation observed in
diabetic wounds and subsequent impairment in wound
healing and that correction of the diabetic wound-healing
impairment with MSC treatment is mediated by correction
of abnormal miRNA-146a expression. To test these hy-
potheses, we examined, over time, the expression profile
of miRNA-146a and its target genes during the wound-
healing response in diabetic (db/db) and nondiabetic (db/")
mice, as well as after treatment with MSCs.
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RESEARCH DESIGN AND METHODS

Animal model. All experiments were approved and performed under the
guidelines of the University of Mississippi Medical Center Animal Care and Use
Committee. Twelve-week-old female mice homozygous for the Le;m‘“’ mutation
(db/db) and age-matched female nondiabetic heterozygous littermates (db/*)
were used in these experiments (BKS.Cg-Dock”™*"* Lepr™/J, strain No. 000642,
Jackson Laboratory). At the time of experiments, db/db mice weighed greater
than 45 g, with blood glucose levels in excess of 400 mg/dL, and db/* het-
erozygote mice weighed less than 25 g, with blood glucose levels less than 250
mg/dL. Animals were given standard rodent chow and water ad libitum.
Mouse wound-healing model. Mice were anesthetized with inhaled iso-
flurane. Each mouse was shaved and depilated before wounding. The dorsal
skin was swabbed with alcohol and Betadine (Purdue Pharma, Stamford, CT).
Each mouse underwent a single, dorsal, full-thickness wound (including
panniculus carnosum) with an 8-mm punch biopsy (Miltex Inc., York, PA). All
wounds were dressed with Tegaderm (3M, St. Paul, MN), which was sub-
sequently removed on postoperative day 2. Postoperatively, the mice received
a subcutaneous injection of an analgesic, Banamine (Schering-Plough Animal
Health Corp., Union, NJ).

A full-thickness skin area, including the wounded area, was harvested on
days 1, 3, 7, 14, and 21 after surgery. Dorsal skin of unwounded db/db and db/*
mice was also harvested for day 0 time point. Photographs were obtained with
a Nikon camera using a ruler for each image. ImageJ software (National
Institutes of Health, Bethesda, MD; http://rsbweb.nih.gov/ij/) was used to cal-
culate the wound area of each mouse every other day. The same observer
measured the size of each wound. Wound area was plotted as a function of
time.

MSC isolation and treatment. MSCs were isolated from bone marrow of
transgenic adult mice expressing green fluorescent protein (GFP), as pre-
viously described (28). MSC identities were confirmed by cell surface mark-
ers. Full-thickness 8-mm wounds were created as described above. Diabetic
(db/db) or nondiabetic (db/*) wounds were treated with 1 X 10° MSCs or PBS
vehicle alone. Wound treatment (MSC or vehicle) was administered immedi-
ately after wounding by three intradermal injections spaced in a radial pattern
from the wound edge in a total volume of 40 pL (10 wL per injection) using
a Hamilton syringe.

Extraction of cytokines from Schirmer strips and enzyme-linked
immunosorbent assay (ELISA) analysis. Immediately after wound and
MSC treatment, a strip was placed on the wound under the Tegaderm. The
extraction of cytokines from the Schirmer strips was performed according to
previously published methods (29). Briefly, 200 L extraction buffer (0.5 mol/L
NaCL with 0.5% Tween 20) was added to individual tubes containing
a Schirmer tear strip and incubated for 3 h at room temperature on a rocker.
Total protein concentration was quantified using a bicinchoninic acid protein
assay (Thermo Scientific, Rockford, IL) that uses a standard curve generated
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from known concentrations of BSA (Thermo Scientific). All samples were run
in duplicate. ELISA was then used to quantify the concentration of macro-
phage inflammatory protein 2 (MIP-2) protein levels (R&D Systems, Minne-
apolis, MN). Values were normalized by the respective protein concentration
of the samples.

Histology and immunohistochemistry. Wound tissues were processed as
previously described (16,30). Immunohistochemical staining was performed on
paraffin sections as described below. Antigen retrieval was performed using 1X
Antigen Retrieval Citra (BioGenex HK086-9k, Fremont, CA) in a decloaking
chamber using the factory default settings (Biocare Medical, Concard, CA).
Slides were rinsed three times in 0.1% PBST (0.1% Triton100 in PBS) and
blocked in 20% goat serum in 0.4% PBST for 60 min at room temperature.
This was followed by overnight incubation at room temperature with pri-
mary antibodies against cluster of differentiation (CD) 45 (rabbit polyclonal
ab10558, 1:100; Abcam, Cambridge, MA) in 5% goat serum and 0.1% PBST.
The following day, slides were washed three times in 0.1% PBST and
incubated with the appropriate anti-rabbit biotinylated secondary antibodies
for 1 h at room temperature. Slides were washed three times in 0.1% PBST and
mounted in Vectashield (Vector Laboratories, Burlingame, CA). The slides
were then incubated with avidin-biotin-peroxidase complex (Vector Labora-
tory) and developed, as described by the manufacturer.

Real-time quantitative PCR. Wound samples from days 0, 1, 3, 7, 14, and 21
after surgery were homogenized in TRIzol (Life Technologies, Invitrogen), and
total cellular RNA was isolated and purified following the manufacturer’s
instructions. For mRNA analysis, mRNA was converted into cDNA using the
SuperScript First-Strand Synthesis System (Invitrogen). Real-time quantitative
PCR was performed with the CFX96 real-time PCR thermal cycler (Bio-Rad,
Hercules, CA) to amplify samples in triplicate. Relative gene product amounts
were reported for each gene compared with 18S ribosomal RNA. For miRNA
analysis, miR-146a expression was examined with the TagMan MicroRNA
Assay Kit. MultiScribe Reverse Transcriptase was used for RT-PCR, and
TagMan primers for has-miR-146a (assay ID 000468) were used to monitor
miRNA expression. U6 (assay ID 001973) was used as an internal miRNA
control. Results were reported as means = SEM. A Student ¢ test was per-
formed using 2-AACT values of each sample. A value of P < 0.05 was con-
sidered significant.

RESULTS

Delayed diabetic wound closure. Diabetic wounds
demonstrated a significant delay in wound closure. At 9
days after wounding, the wound surface area of diabetic
wounds was 40.8 + 84 mm? and was significantly larger
compared with nondiabetic wounds (23.7 = 7.3 mm?,
P < 0.04). In addition, the time to wound closure was

miR-146a
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FIG. 1. Dynamic expression level changes of miR-146a during the wound-healing process. Real-time quantitative RT-PCR analysis of miR-146a
levels in db/* (n = 5) and db/db (n = 5) wounds at 0, 1, 3, 7, 14, and 21 days after dermal injury. MiR-146a gene expression was calculated after
normalizing with U6. #P < 0.01 comparing db/db wounds with db/* wounds.
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during the wound-healing process. A: IRAK1 and TRAF6 mRNA structure

and predicted targets of miR-146a by the TargetScan Web site (http:/www.targetscan.org/). Real-time quantitative RT-PCR analysis of mRNA for
IRAK1 (B) and TRAF6 (C) in db/* (Hz; n = 5) and db/db (n = 5) wounds at 1, 3, 7, 14, and 21 days after dermal injury. #P < 0.01 comparing db/db

wounds with db/* wounds.

also significantly delayed in mice with diabetes (19 days)
compared with nondiabetic mice (14 days). These
results are consistent with our previous reports of the
diabetic wound-healing impairment (16,31,32).
Decreased miR-146a expression in diabetic wounds.
At baseline, diabetic and nondiabetic skin (day 0) demon-
strated similar levels of miRNA-146a expression (Fig. 1). In
response to injury, miR-146a expression level was signifi-
cantly reduced in diabetic wounds compared with non-
diabetic wounds at 1, 3, and 7 days after wounding. By day 14
after wounding, there was no statistical difference in miRNA-
146a expression between diabetic and nondiabetic wounds.
Increased expression of miRNA-146a target genes in
diabetic wounds. Two predicted miRNA-146a binding
sites were found in the gene sequence for IRAK1 (nt 39-
35, nt 55-61) and TRAF6 (nt 448-454, nt 512-518) 3’ UTR
(Fig. 2A). Real-time PCR analysis of IRAK1 and TRAF6
gene expression demonstrated that diabetic wounds had
significantly increased expression of IRAK1 (Fig. 2B) and
TRAF6 (Fig. 2C) at 3 and 7 days after wounding compared
with nondiabetic wounds. This increased expression corre-
lated with the time course of decreased miRNA-146a ex-
pression in diabetic wounds.

IRAK1 and TRAF®6 are two key adapter molecules of the
NF-kB pathway and regulate NF-xB activity, so we also
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examined the time course of NF-kB expression in diabetic
and nondiabetic wounds. At 3 and 7 days after wounding,
diabetic wounds demonstrated significantly increased
NF-kB expression (Fig. 3A) compared with nondiabetic
wounds, reaching more than an 18-fold difference at day 7
after wounding.

NF-kB has been shown to directly regulate the expres-
sion of IL-6 and IL-8 (23,24). In the mouse, MIP-2 is the
equivalent of IL-8 (33). We also examined the expression
of IL-6 and MIP-2 in diabetic and nondiabetic wounds by
real-time PCR. Diabetic wounds demonstrated signifi-
cantly increased expression of IL-6 (Fig. 3B) and MIP-2
(Fig. 3C) at 3 and 7 days after wounding, with 109- and 114-
fold differences for IL-6 and MIP-2, respectively, at 7 days.
These results are consistent with the expression patterns
of IRAK1, TRAF6, and NF-«B, and inversely related to
miRNA-146a expression in diabetic wounds.

MSC treatment increases miR-146a expression, at-
tenuates inflammatory gene expression, and improves
diabetic wound healing. Treatment of diabetic wounds
with MSCs resulted in a significant improvement in wound
closure (Fig. 4A), consistent with previous descriptions
(16,28). At 7 days after wounding, fluorescent stereo-
microscopy demonstrated numerous GFP* MSCs in the
wound base and the wound margin (Fig. 4D). Wound size
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FIG. 3. Dynamic changes of proinflammatory factors during the wound-healing process. Real-time quantitative RT-PCR analysis of mRNA for NF-«B
(A4), IL-6 (B), and MIP-2 (C) in db/* (Hz; n = 5) and db/db (n = 5) wounds at 1, 3, 7, 14, and 21 days after dermal injury. #P < 0.01, *P < 0.05

comparing db/db wounds with db/* wounds.

measurement at day 7 using Image J (Fig. 4B) indicated
wound size was significantly reduced in MSC-treated di-
abetic wounds (n = 10) compared with vehicle-treated di-
abetic wounds (n = 10; 42.1 + 14 vs. 51.5 * 3.2 mm?
P < 0.03). At day 7, there were numerous CD45" in-
flammatory cells in the diabetic wounds (Fig. 4C2) com-
pared with relatively few inflammatory cells in the
nondiabetic wounds (Fig. 4C1). Treatment of diabetic
wounds with MSCs resulted in a significant reduction in the
number of CD45" inflammatory cells in the diabetic wounds
at 7 days (Fig. 4C4%), similar to the that seen in nondiabetic
wounds (Fig. 4C3).

The effect of MSC-mediated correction of the diabetic
wound-healing impairment on miRNA-146a and its target
genes was assessed using real-time PCR. MSC-treated
diabetic wounds exhibited significantly increased miR-
146a expression compared with vehicle-treated controls
(n = 5 per group, P < 0.05; Fig. 4F). Increased miR-146a
gene expression in MSC-treated diabetic wounds was also
associated with a significant downregulation of TRAKI,
TRAF6, NF-kB, IL-6, and MIP-2 gene expression in
wounds at days 3 and 7 (Fig. 5A-FE). MIP-2 protein level
was also significantly attenuated with MSC treatment

(Fig. 5F).
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DISCUSSION
In this study we demonstrate that miR-146a expression is
significantly reduced during diabetic wound healing and is
associated with a dramatic increase in the proinflam-
matory target genes IRAK1, TRAF6, and NF-«B, resulting
in increased IL-6 and MIP-2 gene expression. We also show
that MSC correction of the diabetic wound-healing im-
pairment is associated with increased miR-146a expression
and attenuated expression of proinflammatory and inflam-
matory genes. To our best knowledge, this is the first evi-
dence that downregulated expression of miR-146a in response
to injury in diabetic wounds may be partly responsible for
the abnormal inflammatory response seen in diabetic
wounds and may contribute to wound-healing impairment.
Wound healing is a synchronized process that pro-
gresses through the molecular events of cell recruitment,
cell proliferation, extracellular matrix deposition, and
remodeling. The precise and optimum response of various
inflammatory elements and growth factors is essentially
required during the normal wound-healing process (34). In
the case of diabetes, many factors can impair wound healing,
including extrinsic factors (wound infection, high glucose level,
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FIG. 4. MSC treatment accelerates wound closure and upregulates miR-146a level in diabetic wounds. A: Diabetic wounds at day (D) 7 treated with
vehicle (left) and MSCs (right). B: Quantitative analysis of wound closure at day 7 in diabetic wounds treated with vehicle and MSCs (n = 10).
C: CD45 immunostaining of sections from nondiabetic (C1, 3) and diabetic wounds (C2, 4) treated with vehicle (top) and MSCs (bottom).
D: Fluorescent image demonstrates GFP signal at the wound edge (arrows indicate the injection sites). E: Real-time PCR analysis of miR-146a
expression level in db/* (Hz; n = 5) and db/db (n = 5) wounds at day 7 with MSC or vehicle treatment. *P < 0.05 comparing db/db wounds treated
with MSCs with db/db wounds treated with vehicle. (A high-quality digital representation of this figure is available in the online issue.)

oxidative stress) and intrinsic factors (neuropathy, vascular
problems, and other associated effects due to diabetes) (35).

Wound inflammation plays a central role in tissue
regeneration, and timely initiation and resolution of in-
flammation are equally important for functional tissue re-
pair. Strongly induced or unresolved inflammation can be
harmful, causing pathologic manifestations and leading to
chronic inflammatory disorders, as we observed in the di-
abetic wounds. Indeed, prolonged persistence of poly-
morphonuclear neutrophils and macrophages at the wound
sites partly contribute to impaired wound healing in the
diabetic mouse model (6). Because inflammation is crucial
to wound repair, it is no surprise that nature applies mul-
tiple layers of regulation to keep inflammation in check. In
this study, we provide evidence that miRNAs are involved in
the pathogenesis of diabetic wound healing and demon-
strate a link between miR-146a and the extensive and pro-
longed inflammation response in diabetic wounds.

Studies have shown that MSCs can accelerate healing in
nondiabetic and diabetic mouse models (16,17,28) and can
improve healing in human wounds (17). This correction
with MSC therapy involves multiple aspects of the wound-
healing response, including re-epithelialization, granula-
tion tissue formation, and neovascularization (16,28).
Many of the effects of MSC treatment are thought to
be due to the release of soluble factors that regulate the
local cellular response to injury (36-38), affecting multiple

2910 DIABETES, VOL. 61, NOVEMBER 2012

signaling pathways. One of the novel and most striking
findings of this study is that wounds treated with MSCs
significantly upregulate miR-146a expression. This upre-
gulation of miR-146a is closely associated with a dramatic
downregulation of its target genes, IRAK1 and TRAF6, and
their associated pathway components NF-kB, IL-6, and
MIP-2. These data provide evidence that MSCs enhance
wound repair by altering miR-146a expression levels and
attenuating the inflammatory response.

Our results demonstrate that miR-146a plays an important
role in diabetic wound healing by regulating proinflammatory
genes expression and that modulation of miR-146a level by
MSC treatment can decrease wound inflammation and en-
hance wound closure. In addition, our results suggest that
miR-146a may also represent a potential useful marker of
inflammation as well as a potential therapeutic target for
modification of the diabetic wound-healing response.
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