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MicroRNA-146a (miR-146a) regulates multiple immune
diseases. However, the role of miR-146a in diabetic
peripheral neuropathy (DPN) has not been investigated. We
found that mice (db/db) with type 2 diabetes exhibited
substantial downregulation of miR-146a in sciatic nerve
tissue. Systemic administration of miR-146a mimics to di-
abetic mice elevated miR-146a levels in plasma and sciatic
nerve tissue and substantially increased motor and sen-
sory nerve conduction velocities by 29 and 11%, respec-
tively, and regional blood flow by 50% in sciatic nerve
tissue. Treatment with miR-146a mimics also considerably
decreased the response in db/db mice to thermal stimuli
thresholds. Histopathological analysis showed that miR-
146a mimics markedly augmented the density of fluores-
cein isothiocyanate–dextran-perfused blood vessels and
increased the number of intraepidermal nerve fibers, my-
elin thickness, and axonal diameters of sciatic nerves. In
addition, miR-146a treatment reduced and increased
classically and alternatively activated macrophage pheno-
type markers, respectively. Analysis of miRNA target array
revealed that miR-146a mimics greatly suppressed ex-
pression of many proinflammatory genes and down-
stream related cytokines. Collectively, our data indicate
that treatment of diabetic mice with miR-146a mimics ro-
bustly reduces DPN and that suppression of hyperglycemia-
induced proinflammatory genes by miR-146a mimics may
underlie its therapeutic effect.

More than two-thirds of patients with diabetes develop
neuropathy. There is currently no effective treatment for
diabetic peripheral neuropathy (DPN) (1). The development

and progression of diabetic neuropathy correlates closely
with marked neurovascular abnormalities (2). Vascular dys-
function induced by diabetes starts very early and precedes
the appearance of nerve conduction velocity deficits (2,3).
Damaged microvasculature supplying the peripheral nerves
leads to impairment of the nerve fibers and eventually to
symptoms of painful diabetic neuropathy, including loss
of sensation and foot ulceration (2,4). Therapies targeting
neurovascular function have been demonstrated to improve
nerve function in experimental DPN (5–7).

Experimental and clinical studies demonstrate that
inflammation, especially proinflammatory cytokine (tumor
necrosis factor-a [TNF-a], interleukin [IL]-1b, IL-6, and
IL-8) and chemokine (MCP-1) production, is associated
with microvascular complications of diabetes, including
neuropathy (8,9). Among them, TNF-a and IL-6 cytokines
are highly related to DPN. Patients with DPN have in-
creased TNF-a and IL-6 levels in the plasma, and rodents
with DPN induced by streptozotocin show increased levels
of these two cytokines in the sciatic nerves (8–10). In ad-
dition, TNF-a–deficient diabetic mice fail to develop
changes in nociceptive behavior and nerve conduction ve-
locity (11), whereas administration of TNF-a into the sciatic
nerve induces a reduction in motor nerve conduction veloc-
ity (8–10). Thus, the interruption or blockade of proinflam-
matory signaling pathways may provide important
therapeutic targets and potentially reverse the deleterious
effects of proinflammatory factors on neurovascular func-
tion, thereby preventing the progression of DPN.

MicroRNAs (miRNAs) are small noncoding RNAs emerging
as key regulators in the pathogenesis of hyperglycemia-induced
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vascular damage (12). miR-146a is one of the best charac-
terized miRNAs in the regulation of innate and adaptive
immunity and inflammatory diseases (13). miR-146a is in-
volved in developing diabetic retinopathy and diabetic
wound healing (14,15). Patients with diabetes with single
nucleotide polymorphisms of miR-146a have increased sus-
ceptibility to diabetic microvascular complications, includ-
ing diabetic neuropathy, retinopathy, and nephropathy
(16–18). However, whether miR-146a has a therapeutic
effect on DPN remains unknown. Using a highly clinically
relevant mouse model of type 2 diabetes that develops
severe peripheral neuropathy (19), we found that treatment
of diabetic mice with miR-146a mimics robustly increased
regional blood flow in sciatic nerves and reduced DPN.

RESEARCH DESIGN AND METHODS

Animals
All experimental procedures were carried out in accordance
with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and approved by the
institutional Animal Care and Use Committee of Henry
Ford Hospital. Male BKS.Cg-m+/+Leprdb/J (db/db) mice (The
Jackson Laboratory, Bar Harbor, ME) aged 20 weeks were
used. Age-matched heterozygotes mice (db/m), a nonpene-
trant genotype, were used as the control animals.

miRNA Drugs and Delivery
miRNA mimic and antagomiR oligonucleotides are highly
stable and have been successfully used in vitro and in vivo
to effectively elevate or silence endogenous miRNA (20,21).
The properties of chemically engineered miRNA mimics (GE
Dharmacon, Lafayette, CO) used in the experiment com-
prise a double-stranded construct consisting of guide and
passenger strands, as previously described (20,22). To en-
able highly efficient delivery, double-strand miRNA mimics
were formulated with a novel and nontoxic neutral lipid
emulsion system (MaxSuppressor In Vivo RNA-Lancer II;
BIOO Scientific, Austin, TX), as described in the vendor’s
manual. We delivered chemically modified miR-146a mimic
oligos (catalog number MIMAT0000158; 5 or 10 mg/kg) to
nondiabetic and diabetic mice via a tail vein using a syringe
needle (27-gauge) under anesthesia with isoflurane. Treat-
ments were performed once a week for a total of four
injections.

Cel–miR-67 mimics were used as a negative control,
which has been confirmed to have minimal sequence iden-
tity with miRNAs in human, mouse, and rat as well as have
no identifiable effects on tested miRNA function (http://
dharmacon.gelifesciences.com/microrna/miridian-microrna-
mimic-negative-control-1/). The animals were sacrificed
4 weeks after last administration of miRNA under ketamine
and xylazine anesthesia.

Measurement of Thermal Sensitivity
To examine the sensitivity to noxious heat, plantar and tail
flick tests were measured using a thermal stimulation meter
(IITC model 336 TG; IITC Life Science, Woodland Hills, CA)

(23,24). For plantar test, the meter was activated after
placing the stimulator directly beneath the plantar surface
of the hind paw. The paw-withdrawal latency in response to
the radiant heat (15% intensity and cutoff time 30 s) was
recorded. For tail-flick test, the meter was set at 40% heat-
ing intensity with a cutoff at 10 s. For both tests, at least
five readings per animal were taken at 15-min intervals, and
the average was calculated (23,24).

Tactile Allodynia Test
Von Frey filaments were used to stimulate paw withdrawal.
Briefly, a series of filaments were applied to the plantar
surface of the left hind paw with a pressure, causing the
filament to buckle. A paw withdrawal in response to each
stimulus was recorded, and a 50% paw withdrawal thresh-
old was calculated according to a published formula (24,25).

Electrophysiology Measurements
Sciatic nerve conduction velocity was assessed with ortho-
dromic recording techniques, as previously described
(23,24). During the measurements, animal rectal tempera-
ture was kept at 37°C using a feedback-controlled water
bath. Motor nerve conduction velocity (MCV) and sensory
nerve conduction velocity (SCV) were calculated according
to our published studies (23,24).

Measurement of Regional Blood Flow and
Plasma-Perfused Blood Vessels
Regional sciatic nerve blood flow was measured using a laser
Doppler flowmetry (LDF; PeriFlux PF4; Perimed AB, Datavägen
Sweden), as previously described (24). Relative flow values
expressed as perfusion units were recorded under anesthe-
sia. Regional sciatic nerve blood flow values from db/m mice
were used as baseline values, and data are presented as a
perfusion ratio.

To further examine blood perfusion in footpads and
sciatic nerves, we used a laser Doppler perfusion imager
system and analyzed with PIMSoft Software (Perimed AB).
Mice were anesthetized, and the sensor was placed 10 cm
above the footpad or exposed sciatic nerve. The apparatus
displayed blood perfusion signal as a color-coded image
ranging from dark blue (low perfusion) to bright red (high
perfusion). To analyze the regional blood flow, we took time
periods of interest and got the average regions of interest
for each animal.

Fluorescein isothiocyanate (FITC)–dextran (2 3 106

molecular weight, 0.2 mL of 50 mg/mL; Sigma-Aldrich,
St. Louis, MO) was intravenously injected to perfuse blood
vessels (24,26). The density of FITC-dextran–perfused ves-
sels was measured and divided by the total tissue area (mm2)
to determine vascular density.

Glucose, Glycosylated Hemoglobin, and Insulin
Tolerance Tests
Plasma glucose was measured using a glucose meter (Ascensia
Contour; Bayer, Zurich, Switzerland) once a week, and glycosy-
lated hemoglobin (HbA1c) levels (Quickmedical, Issaquah,
WA) were measured every 2 weeks. For intraperitoneal
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insulin tolerance test in the postabsorptive state, mice
were fed and then fasted for 5 h. Either glucose (2 g/kg
body weight) or human normal insulin (0.75 units/kg
body weight) was injected intraperitoneally, and blood
was collected from the tail vein at different time points.

Isolation of Spleen Cells and Peripheral Blood
Mononuclear Cells
The spleens were removed and pressed through a nylon cell
strainer (BD Falcon, Tewksbury, MA). The effluent samples
were further filtered, suspended in red blood cell lysis buffer
(eBioscience, San Diego, CA), and centrifuged. The spleno-
cytes were checked for viability and used for Western blot
or real-time RT-PCR analyses. Peripheral blood mononu-
clear cells (monocytes) were isolated with a Ficoll-Paque
PLUS gradient (GE Healthcare, Pittsburgh, PA).

Fluorescence-Activated Cell Sorting
To isolate single-cell suspensions, an enzyme mix (MACS;
Miltenyi Biotec, Auburn, CA) was added to the spleen tissue
pieces. The tissues were filtered through a 70-mm cell strainer
and resuspended in red blood cell lysis buffer. Then the
pellets were resuspended in 100 mL flow cytometry stain-
ing buffer. Single splenocytes were stained with anti-
mouse F4/80-allophycocyanin (APC) monoclonal antibody
(Thermo Fisher Scientific, Waltham, MA) and anti-mouse
CD11b-PE monoclonal antibody. The labeled cells were
sorted on an SH800 flow cytometer (Sony Biotechnology,
San Jose, CA).

Real-time Quantitative RT-PCR
Total RNAs from tissues or cells were isolated using the
miRNeasy Kit (Qiagen, Germantown, MD), followed by
reverse transcription and real-time quantitative RT-PCR as
described in our previous publication (27). Relative quanti-
ties of miRNAs were calculated using the 22DDCt method
(28) with U6 snRNA (Applied Biosystems) as the endoge-
nous control. RNAs from sera were isolated with miRNeasy
Serum/Plasma Kit in conjunction with the synthetic spike-in
control (cel–miR-39 mimic; Qiagen) for internal normaliza-
tion. Quantitative detection of mRNA transcripts was car-
ried out by real-time PCR with SYBR Green PCR mix
(Applied Biosystems). Results were normalized to mRNA
levels of b-actin. The primers used are given in Supplemen-
tary Tables 1 and 2.

miR-146a Target PCR Array
The mouse miR-146a Targets PCR Array (Qiagen) profiled
the expression of 84 mmu–miR-146a-5p target genes. The
protocol was conducted according to the vendor’s manual.
The expression of mRNAs was normalized against the ex-
pression of housekeeping genes from the array as an en-
dogenous normalization control. Fold regulation changes
for each mRNA were calculated by plugging the obtained
threshold cycle values from PCR array data into manu-
facturer’s Web-based software. The fold regulation is the
negative inverse of the fold change (21/[22DDCt]) and

indicates the changes of miR-146a target genes relative to
control samples (db/db + miR con). Fold-regulation values
less than one value indicate a negative or downregulation.

Bioinformatics Analysis
The TargetScan software (www.targetscan.org), an online
miRNA target prediction algorithm, was used to predict
the binding sequences of miR-146a target genes.

Immunohistochemistry and Image Analysis
The sciatic nerve and epidermal footpad tissues were used
for immunohistochemistry. Semithin sections (2 mm)
stained with toluidine blue were used to analyze myelin
thickness (29). Morphometric analyses were performed
using an MCID imaging system (Imaging Research Inc.,
St. Catharines, Ontario, Canada) according to our published
protocols (23,24).

To measure intraepidermal nerve fibers (IENFs), the
antibody against protein gene product 9.5 (PGP9.5, 1:1,000;
Millipore) was applied on footpad tissue sections (23,24).
IENF profiles were imaged under a 340 objective (Carl
Zeiss, Gottingen, Germany) via the MCID system. The num-
ber of nerve fibers crossing the dermal–epidermal junction
were counted, and the density of nerves was expressed as
fibers per millimeter length of section (23,24). Representa-
tive images of IENFs were obtained using a laser-scanning
confocal microscope (Olympus FV2000; Olympus, Tokyo
Japan).

Western Blotting and ELISA
Western blotting was performed as previously described
(27), and antibodies used for these experiments are pro-
vided in Supplementary Table 3. ELISA (Thermo Fisher
Scientific) was performed to quantify TNF-a and IL-1b
concentrations in the sera.

Figure 1—Levels of miR-146a expression. A: Quantitative real-time
RT-PCR data show levels of miR-146a were decreased in sciatic
nerves and monocytes of diabetic mice compared with tissues of non-
diabetic mice. Nevertheless, db/dbmice display significant elevation of
miR-146a levels after treatment with miR-146a mimics. B illustrates
the time course of serum levels of miR-146a in nontreated db/m mice
treated with a single dose of miR-146a mimics (10 mg/kg; red) com-
pared with levels in db/m mice treated with cel–miR-67 mimics (blue).
n = 3/time point. *P < 0.05 and **P < 0.01 vs. control db/m animals;
#P < 0.05 vs. db/db + miR con. con, control; N, normal.
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Statistical Analysis
The data are presented as mean 6 SE. Independent sample
t test was used for two-group comparisons. One-way
ANOVA followed by the Student-Newman-Keuls test were
performed for multiple sample analysis. A value of P, 0.05
was taken as significant.

RESULTS

Treatment of Diabetic Mice With miR-146a Mimics
Improves Neurological Function
Quantitative RT-PCR analysis revealed that db/db mice at
the age of 20 weeks exhibited;90% reduction of miR-146a
levels in the sciatic nerve tissue and in monocytes compared
with db/m mice (Fig. 1A). To investigate the effect of exog-
enous miR-146a on DPN, we first determined longitudinal
serum levels of miR-146a after administration of miR-146a
mimics, because stability is one of the main challenges for
in vivo delivery of miRNA mimics, although chemically engi-
neered miRNAs have been modified to reduce their degra-
dation (20,21). A single dose of miR-146a mimics (10 mg/kg
body weight) was intravenously administered to nondiabetic
db/m mice via a tail vein, and sera were collected 1, 3, 7, 14,
and 28 days after administration of miR-146a mimics

(n = 3/time point). This dose of miR-146a mimics was based
on studies published by others (28). Quantitative RT-PCR
analysis showed that compared with cel–miR-67 mimics,
the miR-146a mimic treatment significantly elevated miR-
146a levels in sera over 14 days, with the highest elevation
1 day after the treatment (Fig. 1B). These data indicate that
a single administration of miR-146a mimics elevates serum
levels of miR-146a for 14 days in nondiabetic mice.

We then examined whether administration of miR-146a
mimics affects miR-146a levels in the sciatic nerve tissue
and monocytes of diabetic animals. The db/dbmice at age of
20 weeks were treated weekly with miR-146a mimics
(10 mg/kg) for 4 consecutive weeks, and sciatic nerve
tissues and monocytes in blood were collected 24 h after
the last treatment. Quantitative RT-PCR analysis showed
that treatment with miR-146a mimics robustly elevated
miR-146a levels in the sciatic nerve tissue and monocytes
compared with cel–miR-67 mimics (Fig. 1A). Collectively,
these data demonstrated that administration of miR-146a
elevates miR-146a levels in blood and sciatic nerve tissue in
nondiabetic and diabetic mice.

Next, we examined the effect of exogenous miR-146a on
DPN (Fig. 2A). Compared with age-matched db/m mice,

Figure 2—miR-146a treatment improves neurological function. A: Schematic diagram shows the treatment regimen of male db/db mice. Green
arrows indicate time points of electrophysiological tests, and red arrows indicate time points of behavioral tests. Improved neurological function
measured by MCV (B), SCV (C), radial heat plate test (D), and tail flick test (E) in db/db mice treated with miR-146a mimics (db/db + miR-146a,
5 and 10 mg/kg; n = 13/group) are shown. *P < 0.05 vs. nondiabetic mice (db/m; n = 10); #P < 0.05 vs. diabetic mice treated with control (con)
miRNA mimics (db/db + miR con; n = 13). w, weeks.
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db/db mice at age 20 weeks exhibited a significant reduction
of MCV and SCV (Fig. 2B and C) (P, 0.05) and an increase
in thermal response latencies measured by tail flick test and
radial heat plate test (Fig. 2D and E), indicating that db/db
mice at this age have DPN. Thus, db/db mice at age of
20 weeks were treated with miR-146a mimics at a dose of
5 or 10 mg/kg (body weight) once a week for 4 consecutive
weeks. db/db mice that received cel–miR-67 mimics were
used as a control group, as rodents do not express cel–
miR-67 (30). Age-matched db/m mice were used as addi-
tional control groups. Animals were randomly assigned to
control/treatment groups. All mice were sacrificed 4 weeks
after termination of the last treatment (Fig. 2A). The dura-
tion of the experiment was 8 weeks. Compared with cel–
miR-67 mimic control, miR-146a mimics at a dose of
10 mg/kg significantly improved MCV and SCV at 4 and
8 weeks, whereas a significant improvement was only
detected 8 weeks after the initial treatment for miR-
146a mimics at a dose of 5 mg/kg (Fig. 2B and C). More-
over, miR-146a at 10 mg/kg significantly reduced thermal
response latencies measured by tail flick test and radial heat
plate test, whereas 5 mg/kg miR-146a did not significantly
alter thermal response latencies assayed by the tail flick test
(Fig. 2D and E). These data indicate that miR-146a mimics
at 10 mg/kg improve neurological outcomes of DPN.
Thus, we analyzed the therapeutic mechanism based
on the dose of 10 mg/kg miR-146a mimics.

miR-146a Treatment Improves Vascular Function in the
Peripheral Nerve Tissues of Diabetic Mice
The treatment of db/db mice with miR-146a mimics did not
significantly alter levels of blood glucose, HbA1c, and insulin

resistance compared with cel–miR-67 mimics at 8 weeks
(Fig. 3A–C), indicating that the therapeutic effect of exog-
enous miR-146a on DPN is not induced by reducing glucose
levels. In addition, the administration of miR-146a mimics
did not significantly alter the animal body weight in db/db
mice compared with diabetic mice treated with cel–miR-67
mimics, although a significant weight gain was detected in
db/db mice compared with db/m mice (Fig. 3D).

Regional blood flow of sciatic nerve and footpad tissues
has not been extensively studied in diabetic mice. We found
that db/db mice at age of 20 weeks exhibited a significant
reduction of blood flow in these two tissues measured with
LDF compared with age-matched db/m mice (Supplemen-
tary Fig. 1A and B). The blood flow was further significantly
decreased in db/db mice at the age of 28 weeks compared
with 20-week-old mice (Supplementary Fig. 1A and B).
These data suggest that diabetes induces progressive reduc-
tion of peripheral tissue perfusion. However, treatment of
db/db mice with miR-146a mimics initiated at age of
20 weeks significantly increased the regional blood flow in
the sciatic nerve tissue and footpads at age of 28 weeks
compared with the miR-67 mimic treatment (Fig. 4A–C).

To examine whether increased regional blood flow by
miR-146a mimics is related to augmentation of blood
vessels, we intravenously injected FITC-dextran and per-
mitted FITC-dextran to circulate within blood for 5 min
prior to sacrifice. Thus, FITC-dextran within blood circulates
within all functional blood vessels (31). We found that miR-
146a mimics significantly increased FITC-dextran–perfused
blood vessels in the sciatic nerve tissue compared with the
cel–miR-67 mimics (Fig. 4D and E). Together with LDF

Figure 3—Effect of miR-146a treatment on glucose levels, insulin sensitivity, and weight gain. Levels of blood glucose (A), HbA1c (B), and insulin
resistance (C) were not altered in db/m and db/db mice 8 weeks after the initial treatment with miR-146a mimics or cel–miR-67 mimics
(10 mg/kg). C shows insulin tolerance test lasting for 2 h. The test was conducted with insulin at 1.0 units/kg body weight (intraperitoneally). D
shows the effect of miR-146 treatment on animal weight gain. n = 10/group. *P < 0.05 and #P < 0.01 vs. db/m. con, control; w, weeks.
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data, these results indicate that miR-146a mimics improve
peripheral tissue perfusion.

miR-146a Treatment Improves Nerve Function
IENFs innervate dermis and epidermis, and a measurement
of IENF density through skin biopsy has been widely used
in the clinical diagnosis of peripheral neuropathy and in
monitoring its response to treatment (32). We analyzed the
IENF densities of the footpads and found that the number
of PGP9.5-positive IENFs in db/db mice at age of 20 and
28 weeks was significantly reduced compared with that in
age-matched db/m mice (Supplementary Fig. 2). Moreover,
db/db mice had significantly lower IENF densities at the age
of 28 weeks than at 20 weeks (Supplementary Fig. 2). In
contrast, miR-146a mimic treatment almost completely sup-
pressed diabetes-induced reduction of IENFs compared with
the cel–miR-67 mimics in db/dbmice aged 28 weeks (Fig. 5).

miR-146a Treatment Increases Axonal Myelination
Microvasculature dysfunction accompanies demyelination and
severe loss of myelinated axons in peripheral nerves, which are
related to the progression of DPN (2). To examine the effect
of miR-146 mimics on myelination and axons, we measured
myelinated sciatic nerves on semithin transverse sections
stained with toluidine blue (29). Myelinated fiber diameter
and myelin sheath thickness were measured using MCID
image analysis software, and g-ratio was calculated to deter-
mine the degree of myelination (23). We found a significant

reduction of myelin thickness and fiber diameter in db/db
mice aged 20 weeks, which were further reduced at 28 weeks
of age compared with age-matched db/m mice (Supplemen-
tary Fig. 3 and Supplementary Table 4). Treatment of db/db

Figure 4—miR-146a treatment improves neurovascular function. A shows representative images of regional blood flow in footpad and sciatic
nerve tissues 8 weeks after miR-146a mimic treatment. B shows the quantitative analysis of blood flow based on laser Doppler perfusion
imaging. Diabetic miR-146a injection markedly increased perfusion of sciatic nerve and footpad in diabetic mice. Lowest blood flow is indicated
in blue, maximum blood flow in red, and intermediate grading in green and yellow. C shows the perfusion ratio of blood flow normalized with
db/m mice in sciatic nerves. Images of FITC-dextran (F-dextran) perfused vessels (D) and the quantitative data of perfused vascular area (E),
respectively, in db/m mice and db/db mice treated with miR-146a mimics (10 mg/kg, db/db + miR-146a) or cel–miR-67 mimics (db/db + miR
control [con]). n = 4/group in C. n = 10 for db/m group; n = 13 for db/db + miR con and db/db + miR-146a groups in A, D, and E. Scale bar =
100 mm. *P < 0.05 and **P < 0.01 vs. nondiabetic (db/m) mice; #P < 0.05 and ##P < 0.01 vs. db/db mice treated with cel–miR-67 mimics
(db/db + miR con). PU, perfusion units; ROI, region of interest.

Figure 5—miR-146a treatment inhibits diabetes-induced loss of IENF.
Representative immunofluorescent images show PGP9.5 staining
IENF (green, arrows) and epidermal innervation in the hind plantar
paw skin of db/m mice (A) and diabetic mice treated with cel–miR-
67 mimics (db/db + miR control [con]; B). The increase of PGP9.5-
positive nerve fibers is evident following miR-146a mimics (10 mg/kg,
db/db + miR-146a; C). Histogram represents the mean number of
IENF per site under various treated conditions (D). n = 10/group. Scale
bar = 50 mm. *P < 0.05 compared with db/m group; #P < 0.05
compared with db/db + miR con group.
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mice with miR-146a mimics significantly increased myelin
thickness and considerably reduced g-ratio compared with
control miRNA mimics at the age of 28 weeks (Fig. 6).

miR-146a Treatment Regulates IRAK1/TRAF6 and Their
Downstream Proinflammatory Gene Expression
miRNAs control gene expression through regulating its
target gene translation and/or stability (33). Using a new
miR-146a target PCR array, which includes 84 currently
known experimentally verified plus bioinformatically pre-
dicted target genes regulated by miR-146a, we screened
the target genes in peripheral tissues. Administration of
miR-146a mimics to diabetic mice robustly downregulated
a number of target mRNAs, including IRAK1/2 and TRAF6
in the sciatic nerves and monocytes (Fig. 7A–C). Using
quantitative real-time RT-PCR and Western blot, we vali-
dated mRNA (Fig. 7D and E) and protein levels (Fig. 7F) of
target genes including IRAK1, TRAF6, and ADAMTS3, re-
spectively, in the sciatic nerves and monocytes of db/db
mice. IRAK1/TRAF6 genes have been experimentally con-
firmed as miR-146a target genes (13), and ADAMTS3 is a
bioinformatically predicted miR-146a target gene (Fig. 7C)
that plays an important role in inflammation (34). db/db
mice treated with cel–miR-67 mimics exhibited substantial
elevation of IRAK1, TRAF6, and ADAMTS3 mRNAs in
sciatic nerves (Fig. 7D) and monocytes (Fig. 7E) as well as
proteins within sciatic nerves (Fig. 7F), compared with
nondiabetic db/m mice. However, miR-146a mimics ro-
bustly suppressed the expression of these genes compared

with cel–miR-67 mimics (Fig. 7D–F). Moreover, miR-146a
mimics also reduced the component of nuclear factor-kB
(NF-kB) signaling, including p65, in the sciatic nerve aug-
mented by diabetes (Fig. 7F).

miR-146a Treatment Alters the Macrophage Phenotype
and Reduces Inflammatory Responses
Recent studies from patients with diabetes showed that
diabetes increased classically activated (M1) phenotype
macrophages (35). To elucidate the relationship between
miR-146a and macrophage inflammation in vivo, we mea-
sured expression of key genes that have been used as
markers of M1 (proinflammatory) macrophages or alterna-
tively activated (M2; anti-inflammatory) macrophages in
mouse spleen tissues (Fig. 8A and B) and splenic macro-
phages (Fig. 8C and D). Lineage F4/80+CD11b+ macro-
phages were purified with FACS from single spleen cell
suspensions that were labeled with antibodies against mac-
rophage markers (F4/80 and CD11b) (Fig. 8C). Western
blot (Fig. 8A and B) and quantitative RT-PCR data (Fig.
8D) showed that compared with nondiabetic db/m mice, di-
abetic db/db mice exhibited a significant increase in mRNA
levels of proinflammatory M1 marker genes TNF-a, IL-1b,
and inducible nitric oxide synthase (iNOS) but substantial
reduction of the anti-inflammatory M2 marker gene Ym1 in
splenic macrophages. Conversely, miR-146a mimics com-
pletely reversed diabetes-increased M1 marker and -reduced
M2 marker transcripts compared with cel–miR-67 mimics
(Fig. 8A, B, and D), suggesting that miR-146a alters macro-
phage inflammatory polarization. In addition, we found
that miR-146a mimics significantly reduced diabetes-
augmented serum levels of TNF-a and IL-1b, as measured
with ELISA (Fig. 8E and F).

DISCUSSION

In a novel set of experiments, our data show that intrave-
nous administration of miR-146a mimics remarkably im-
proved sciatic nerve vascular function, axonal myelination,
and peripheral nerve function in diabetic mice, suggesting
that exogenous miR-146a may have a therapeutic effect on
the clinical treatment of DPN.

The current study demonstrates that treatment of
diabetic mice with miR-146a mimics substantially improves
peripheral nerve tissue perfusion, which is closely associated
with increased IENF density and myelination. These find-
ings suggest that improved neurovascular functions by
miR-146 mimics likely lead to ameliorating DPN. Microvas-
culature dysfunction accompanies demyelination, and severe
loss of myelinated axons in peripheral nerves and microvas-
cular damage either precedes or parallels the impairment of
nerve function as DPN progresses (2,3,36). In parallel, our
data demonstrated that db/db mice at the age of 20 weeks
exhibited neurovascular dysfunction that was associated
with DPN and that impaired neurovascular function further
progressed during 20 to 28 weeks. Moreover, treatment with
miR-146a mimics initiated at age of 20 weeks prevented

Figure 6—Effect of miR-146a treatment on morphometric changes of
myelinated sciatic nerves. Representative images of semithin
toluidine blue–stained transverse sections of sciatic nerves derived
from nondiabetic mice (db/m; A), diabetic mice treated with cel–
miR-67 mimics (db/db + miR control [con]; B), or diabetic mice treated
with miR-146a (10 mg/kg, db/db + miR-146a; C). The quantitative
data of histomorphometric parameters of sciatic nerves (D)
show that mean fiber and axon diameters as well as myelin sheath
thickness were reduced in diabetic mice treated with cel–miR-
67 mimics, but nevertheless increased in miR-146a–treated dia-
betic mice. Mean g-ratio was significantly increased in diabetic
animals, indicating mild hypomyelination and miR-146a treat-
ment leads to a significant reduction of myelinated fiber den-
sity. n = 10/group. Scale bar = 25 mm. *P < 0.05, **P < 0.01, and
***P < 0.001 vs. diabetic mice treated with cel–miR-67 mimics
(db/db + miR con).
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further impairment of the neurovascular function, but did
not reverse neurovascular damage induced by diabetes prior
to the treatment. Although the current study does not pro-
vide the cause–effect of vasculature on nerve fiber and ax-
onal damage, our results suggest that they are highly
correlated, implying that restoring blood flow to the vasa
nervorum contributes to the improvement of nerve func-
tion in experimental DPN model. We previously demon-
strated that sildenafil treatment initiated at an early
stage of DPN achieves more robust therapeutic effect
than when the treatment was administered to middle-
aged diabetic db/db mice with advanced peripheral neurop-
athy (31). The present findings suggest that the miR-146a
mimic treatment initiated at an early stage of DPN may
maximize the therapeutic effect of miR-146a mimics.

The current study shows that administration of miR-
146a mimics does not significantly reduce blood levels of

glucose, HbA1c, and animal body weight, suggesting the
therapeutic action is not via reducing glucose levels. Down-
regulation of miR-146a is related to the activation of the
NF-kB signaling pathway in diabetic animals and patients
with diabetes (8,10,37–40). Our miRNA target PCR array
revealed that miR-146a mimics greatly suppressed expres-
sion of many proinflammatory genes, including IRAK1,
TRAF6, and ADAMTS3, which are target genes of miR-
146a. IRAK1 and TRAF6 are downstream adaptors of
Toll-like receptors (TLRs), a family of pattern-recognition
receptors responsible for the initiation of inflammatory and
immune responses. TLR2 and TLR4 are involved in the
perpetuation of inflammation during diabetic neuropathy
(39,40). The deregulation of TLRs in DPN can activate their
subsequent IRAK1, TRAF6, and downstream NF-kB, which
results in the synthesis and secretion of cytokines and che-
mokines (39,40).

Figure 7—miR-146a treatment reduces inflammatory response via regulating target gene expression. miR-146a target PCR array shows highly
differentially downregulated putative target genes of miR-146a in the sciatic nerves (A) and monocytes (B) in db/db mice treated with miR-146a
or control (con) miRNA mimics. In silico TargetScan-predicted complementarity between miR-146a and 39-untranslated regions (UTR) of
predicted target genes including IRAK1, TRAF6, and ADAMTS3 is shown in C. Real-time RT-PCR validated the downregulated putative target
genes of miR-146a detected by miR-146a target PCR array in the sciatic nerves (D) and monocytes (E) isolated from db/db mice treated with
miR-146a or control cel–miR-67 mimics (10 mg/kg) at 24 h after the last treatment. F: Western blot analysis of target genes IRAK1 and TRAF6
and downstream NF-kB signaling as well as a new potential target gene, ADAMTS3, of miR-146a (10 mg/kg) in sciatic nerves harvested from
db/dbmice treated with miR-146a mimics or cel–miR-67 mimics and from nondiabetic mice (db/m) at 24 h after the last treatment. *P< 0.05 and
#P < 0.05 compared with diabetic db/db mice treated with control cel–miR-67.
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We previously demonstrated that fibrin downregulated
miR-146a and upregulated IRAK1 and that elevation of miR-
146a repressed IRAK1, which results in attenuation of NF-kB
activation, consequently leading to diminished inflamma-
tory responses in human brain endothelial cells (41). Hy-
perglycemia in patients with diabetes triggers thrombosis,
and activation of NF-kB plays a key role in hyperglycemia-
induced neurovascular dysfunction (42,43). Thus, our data
suggest that miR-146 mimics suppress NF-kB signaling-
activated inflammation via its target genes, IRAK and
TRAF6, and consequently reduce thrombosis, leading to
improved peripheral tissue perfusion. Others have shown
that miR-146a increases angiogenesis in human umbilical
vein endothelial cells (44). Thus, the effects of miR-146a on
vascularization in sciatic nerves of diabetic mice warrant
further study.

We previously demonstrated that miR-146a via TLR
signaling regulates dorsal root ganglion neuron axonal

outgrowth and apoptosis under hyperglycemia conditions
(45). Moreover, miR-146a promotes oligodendrocyte pro-
genitor cells to differentiate into myelinating oligodendro-
cytes (27). These data suggest that in addition to its role in
vascular function, miR-146a mimics could directly act on
distal axons of dorsal root ganglion neurons and Schwann
cells and contribute to increased nerve fibers and myelina-
tion. Thus, additional studies are warranted for further in-
vestigating these effects in DPN.

In conclusion, elevation of miR-146a levels in mice with
DPN reduces neurovascular dysfunction, which provides a
permissive restorative and neurovascular remodeling and
thereby ameliorates peripheral neuropathy.
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