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Schwann cell–derived exosomes communicate with dor-
sal root ganglia (DRG) neurons. The current study in-
vestigated the therapeutic effect of exosomes derived
from healthy Schwann cells (SC-Exos) on diabetic pe-
ripheral neuropathy (DPN). We found that intravenous
administration of SC-Exos to type 2 diabetic db/db mice
with peripheral neuropathy remarkably ameliorated DPN
by improving sciatic nerve conduction velocity and in-
creasing thermal and mechanical sensitivity. These
functional improvements were associated with the aug-
mentation of epidermal nerve fibers and remyelination of
sciatic nerves. Quantitative RT-PCR andWestern blot anal-
ysis of sciatic nerve tissues showed that SC-Exo treatment
reversed diabetes-reduced mature form of miRNA (miR)-
21, -27a, and -146a and diabetes-increased semaphorin 6A
(SEMA6A); Ras homolog gene family, member A (RhoA);
phosphatase and tensin homolog (PTEN); and nuclear
factor-kB (NF-kB). In vitro data showed that SC-Exos
promoted neurite outgrowth of diabetic DRG neurons
and migration of Schwann cells challenged by high glu-
cose. Collectively, these novel data provide evidence that
SC-Exos have a therapeutic effect on DPN in mice and
suggest that SC-Exo modulation of miRs contributes to
this therapy.

Peripheral neuropathy is the most prevalent complication
of diabetes, and clinical symptoms originate from distal
sensory nerves. Diabetic peripheral neuropathy (DPN) has
a complex pathogenesis and is associated with axonal de-
generation and segmental demyelination. Current treatment
options for DPN are meager (1–3).

Myelin-forming Schwann cells, the most abundant cells
in the peripheral nervous system, interact with axons and

blood vessels to regulate peripheral nerve function (1,4,5).
Dysfunction of these interactions contributes to the de-
velopment of DPN (6,7). Alteration of mature form of
miRNA (miR) expression provokes diabetic neuropathy
(8–10). Patients with type 2 diabetes (T2D) exhibit increased
susceptibility to neuropathy when they have polymorphisms
in miR-146a, miR-27a, and miR-124a genes (11). Treatment
of diabetic mice with miR-146a mimics reduces DPN by
targeting proinflammatory genes, interleukin-1 receptor–
associated kinase (IRAK1), and tumor necrosis factor
receptor–associated factor 6 (TRAF6) (12). A recent study in
type 1 diabetic mice with DPN showed that these mice
exhibit significantly reduced levels of let-7i and miR-27a,
among other miRs (13). Intranasal administration of
exogenous let-7i miRNA substantially decreases DPN (14).

Exosomes are nanovesicles (30–200 nm) and play a ma-
jor role in mediating intercellular communication through
transferring their bioactive cargo, including miRs, to re-
cipient cells, ultimately regulating recipient cell function
(15,16). We previously demonstrated that exosomes de-
rived from high-glucose (HG)–challenged Schwann cells
promote the development of DPN in T2D mice (17), while
others have shown that exosomes derived from healthy
Schwann cells (SC-Exos) substantially enhance regenera-
tion of injured peripheral axons in a rat model of sciatic nerve
injury (18). However, the therapeutic effect of SC-Exos on
DPN has not been investigated. Here, we report that treat-
ment of T2Dmice with SC-Exos robustly ameliorates DPN by
reducing peripheral nerve damage.

RESEARCH DESIGN AND METHODS

All experimental procedures were approved by the insti-
tutional animal care and use committee of Henry Ford
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Hospital (IACUC #1656) and were performed according to
National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals. Male BKS.Cg-m1/1Leprdb/J
(db/db) and heterozygote mice (db/m, a nonpenetrant geno-
type; The Jackson Laboratory) at the age of 20 weeks were
used. All procedures and analyses were performed by inves-
tigators who were blinded to the administered treatment.

Generation and Characterization of SC-Exos and
Fibroblast Cell Exosomes
Primary Schwann cells isolated from neonatal C57BL/6
mouse sciatic nerves were well characterized morpholog-
ically and phenotypically (S100, GFAP, and CD91) and
were cultured in Schwann cell medium (ScienCell). Fibro-
blast cells were isolated from mouse subcutaneous tissue
and cultured in DMEM (ATCC). For the exosome isolation,
culture medium was replaced with 5% exosome-depleted
FBS-containing medium (System Biosciences) when they
reach 60–80% confluence, and the cells were cultured for an
additional 48 h. The supernatant was collected to extract
exosomes using a differential ultracentrifugation approach.
Briefly, the supernatant was filtered through a 0.22-mm
filter and subjected to centrifugation at 10,000g for 30 min.
Ultracentrifugation was then performed at 100,000g for 3 h,
and the pellet was resuspended with 100 mL of sterilized
PBS. The number and size of exosomes were quantified
using the NanoSight analysis system (Malvern Panalytical).
Transmission electronmicroscopy (TEM) andWestern blot
analysis with antibodies against exosome proteins, Alix,
CD63, and HSP70 were performed to further confirm exo-
somes (17,19–21).

To track tissue distribution of SC-Exos, we generated
SC-Exos carrying CD63-GFP (SC-Exos-GFP). Briefly, Schwann
cells were transfected with a pEGFP vector carrying EGFP-
fused CD63 gene (Plasmid #62964; Addgene) through elec-
troporation using the Nucleofector kit (Lonza). SC-Exos-GFP
were isolated from the supernatant of transfected cells.

Liposome Preparation
To mimic the exosomal lipid layer, we generated liposomes
that contained three major fatty acids present in exosomes
using the thin-film hydration technique (22). Details are
provided in the Supplementary Material.

To examine whether miR-27a contributes to the effect
of SC-Exos on neurite outgrowth and Schwann cell migra-
tion, we generated SC-Exos with reduced miR-27a. Briefly,
Schwann cells were transfected with an miR-27a inhibitor
(mmu-miR-27a-3p, miRCURY LNAmiR inhibitor; Exiqon) or
a scrambled control (miRCURY LNA miR inhibitor control;
Exiqon) using electroporation (17). Exosomes were isolated
as aforementioned. Quantitative PCR was performed to
verify the transfection efficiency.

In Vivo Experimental Protocols
Male diabetic db/dbmice and nondiabetic db/mmice at the
age of 20 weeks were randomly divided into the following
treatment groups: 1) db/m 1 saline (n 5 15), 2) db/db 1

saline (n 5 15), 3) db/db 1 SC-Exos (n 5 15), 4) db/db 1
fibroblast cell exosomes (FC-Exos) (n5 8), and 5) db/db1
liposome (n 5 8). SC-Exos, FC-Exos, and liposomes (4 3
1010 particles in 0.2 mL PBS/mouse) or an equal volume of
saline were intravenously administered through a tail vein
once every 2 weeks for 8 consecutive weeks. All mice were
sacrificed 8 weeks after the initial treatment. The doses
of exosomes were selected on the basis of published
studies (23).

To examine whether SC-Exos intravenously adminis-
tered are internalized by sciatic nerve fibers, SC-Exos-GFP
(4 3 1010 particles/mouse) were intravenously injected
into db/db mice (n 5 3), and db/db mice (n 5 3) that
received naive SC-Exos were used as a control. Four hours
after the injection, the mice were sacrificed. Sciatic nerves
were harvested and teased into individual nerve fibers on
glass slides for immunofluorescent staining.

Additionally, immunogold staining was performed to
detect GFP-positive particles at ultrastructural levels using
TEM. Briefly, sciatic nerves were fixed by 2.5% glutaral-
dehyde in 0.1 mol/L sodium cacodylate buffer for 24 h at
4°C. The nerves were postfixed by 1% osmium tetroxide/
1.5% potassium ferrocyanide for 1 h at room temperature.
The nerves were then embedded into resin mixture. The
ultrathin sections (85 nm) were cut and mounted on nickel
grids. Immunogold staining was performed with 2% anti-
GFP rabbit monoclonal antibody (G10362; Thermo Fisher
Scientific) and 10-nm Gold particle-conjugated streptavidin
(25269; Electron Microscopy Sciences). The grids were im-
aged under TEM (EM208; Phillips).

Electrophysiological measurements and functional tests
were performed before the treatment as a baseline and
then every 2 weeks and 4 weeks, respectively.

In Vitro Experimental Protocols
Dorsal root ganglia (DRG) neurons were isolated from
20-week-old db/m and db/db mice and cultured under
regular-glucose (RG) (5 mmol/L) and high-glucose (HG)
(30 mmol/L) conditions. To assess the effect of SC-Exos
on neurite outgrowth, DRG neurons were treated with
1) db/m1 RG, 2) db/db1HG, 3) db/db1HG1 SC-Exos,
4) db/db 1 HG 1 SC-Exos with reduced miR-27a (miR-
27siExos), and 5) db/db 1 HG 1 SC-Exo with scrambled
control. Exosomes at a concentration of 63 109 particles/mL
were used.

To track the internalization of SC-Exos in vitro, SC-Exos
were transfected with Texas Red–labeled siRNA using an
Exo-fect Exosome Transfection Kit (System Biosciences).
Briefly, 3 3 1011 SC-Exos were incubated with transfection
solution and siRNA at 37°C for 10 min, and then SC-Exos
were placed on ice for 30 min to stop the reaction. Trans-
fected SC-Exos were harvested by 13,000 rpm centrifugation
for 30 min and immediately incubated with DRG neurons
for 24 h. DRG neurons were stained with antibody against
microtubule-associated protein 2 (MAP2, 1:500; Abcam) (20).

To assess the effect of SC-Exos on Schwann cells, Schwann
cells were treated with 1) RG, 2) HG, 3) HG 1 SC-Exos, 4)
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HG1 SC-Exos with miR-27siExos, and 5) HG1 SC-Exo with
scrambled control. Exosomes at a concentration of 6 3 109

particles/mL were used.

Electrophysiological Measurements
Motor nerve conduction velocity (MCV) and sensory nerve
conduction velocity (SCV) in sciatic nerve were measured
with orthodromic recording techniques (24). MCV and SCV
were calculated in accordance with published studies (24–26).

Measurement of Thermal Sensitivity
Plantar tests (Hargreaves method) were conducted using
a thermal stimulation meter (Model 336 TG; IITC Life
Science), as previously described (25,26).

Measurement of Mechanical Sensitivity
A series of von Frey filaments (Stoelting) were used to
stimulate the plantar surface of the left hind paw with
a pressure causing the filament to buckle. Paw withdrawal
in response to each stimulus was recorded, and a 50%
paw withdrawal threshold was calculated using a published
equation (26–28).

Biochemical and Lipid Analyses
Levels of blood glucose were measured using an instant
check meter (Roche Diagnostics) every 2 weeks. HbA1c was
measured with A1CNow1 Multi-Test A1C System before
the treatment and at the end of the experiment. The levels
of triglycerides and total cholesterol in plasma and liver
tissues were measured with Triglyceride and Cholesterol
Assay Kits (Abcam) at the end of the experiment.

Immunohistochemistry and Image Quantification
For analysis of intraepidermal nerve fiber (IENFs), footpad
tissue cryosections (20 mm thick) stained with antibody
against protein gene product 9.5 (PGP9.5, 1:1,000; Milli-
pore) were imaged under a 403 objective (Carl Zeiss).
Image analysis was performed using the MicroComputer
Imaging Device (MCID) imaging system (Imaging Research
Inc.). The number of nerve fibers crossing the dermal-
epidermal junction were measured, and interepidermal nerve
fiber density was presented as the number of fibers per
millimeter of length of epidermis. Representative images of
IENFs were captured with a laser scanning confocal micro-
scope (Olympus Corporation) (25,26).

For analysis of morphometric changes of sciatic nerve,
nerve samples were processed, respectively, as previously
reported (25,29,30). The semithin transverse sections
(2 mm thick) of sciatic nerve stained with toluidine blue
were randomly imaged using a 1003 oil immersion lens
(Olympus Optical Co., Ltd.). Myelin sheath thickness,
myelinated fiber, and axon diameter were measured using
the MCID system, as previously reported (25,26). Ultrastruc-
ture myelination and axons were analyzed by TEM (30).

MiR fluorescence in situ hybridization combined with
immunohistochemical staining were conducted as previ-
ously described (31). Briefly, the sections were hybridized

with miR-27a LNA probe (Exiqon), and the probe was
detected using peroxidase-conjugated anti-FAM (Roche). The
sections were incubated with tyramide signal amplifica-
tion substrate. Primary antibody neurofilament 200 (1:500;
Sigma) was incubated and detected with FITC-conjugated
secondary antibody (Jackson ImmunoResearch).

Measurement of Neurite Outgrowth
DRG neurons (2,000 cell/cm2) were seeded on glass cover-
slips coated with poly-D-lysine and laminin in neurobasal-A

Figure 1—SC-Exos improve neurological function in db/db mice.
SC-Exos characterized by TEM (A), NanoSight (B), and Western blot
analysis (C). Treatment of diabetic mice with SC-Exos (db/db1SC-
Exo, black, n 5 10 mice/group), but no FC-Exos (db/db1FC-Exo,
blue, n5 8 mice/group) and liposome (db/db1liposome, purple, n 5
8 mice/group), improves neurological function measured by MCV (D),
SCV (E), plantar test (F), and von Frey test (G), respectively. Scale
bar5 100 nm. *P, 0.05, **P, 0.01 vs. the nondiabetic mice treated
with saline (db/m1saline, red, n 5 10 mice/group); #P , 0.05, ##P ,
0.01 vs. the diabetic mice treated with saline (db/db1saline, green,
n 5 10 mice/group).
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medium containing 2% B-27 (Invitrogen). After a 3-day
culture, DRG neurons were stained with antibody against
neurofilament heavy subunit (1:500; BioLegend). The images
were obtained using 103magnificationwith a digital camera.
The total neurite lengths of each neuron of 20 neurons per
group were analyzed with the MCID system. The average
length of neurite outgrowth was calculated (26).

Cell Migration Assay
Schwann cells were grown to a 90% confluent monolayer in
six-well culture dishes under RG (5 mmol/L) and HG
(30 mmol/L) conditions. A scratch wound was made
with a 10-mL pipette tip. After 20 h of growth, images
were taken, and the scratched gap distance of each image
was quantified using the MCID system (32).

Quantitative Real-time RT-PCR Analysis
Total RNA was isolated by RNeasy Mini Kit (QIAGEN).
Quantitative real-time RT-PCR (qRT-PCR) was performed
according to published methods (12,17). The primers used
are provided in Supplementary Table 1.

Western Blot Analysis
Western blot analysis was performed according to pub-
lished protocols (17,25). The antibodies used are given in
Supplementary Table 2.

Bioinformatics Analysis
Ingenuity Pathways Analysis (IPA) software (QIAGEN) was
used to analyze signaling pathways and to a generate network
graph of miRs and their related proteins.

Table 1—Effect of SC-Exos on body weight, blood glucose, and HbA1c

Group 0 weeks 2 weeks 4 weeks 6 weeks 8 weeks

Body weight (g)
db/m 1 saline 30.4 6 1.26 31.3 6 1.63 32.1 6 1.91 31.6 6 2.31 31.6 6 1.26
db/db 1 saline 54.4 6 1.71* 52.2 6 4.36* 50.2 6 5.00* 50.2 6 3.25* 50.8 6 3.66*
db/db 1 SC-Exo 50.0 6 10.4* 53.4 6 3.27* 52.4 6 3.68* 50.7 6 3.86* 51.1 6 4.59*
db/db 1 FC-Exo 53.9 6 4.15* 54.2 6 3.86* 49.0 6 5.52* 50.3 6 7.9* 49.3 6 6.18*
db/db 1 liposome 55.1 6 4.45* 54.4 6 4.11* 50.1 6 4.63* 52.4 6 3.86* 48.0 6 5.8*

Blood glucose (mg/dL)
db/m 1 saline 133 6 24.0 142 6 15.2 128 6 8.56 122 6 10.1 139 6 12.89
db/db 1 saline 448 6 51.6* 450 6 96.7* 529 6 38.6* 550 6 38.3* 513 6 26.7*
db/db 1 SC-Exo 429 6 75.2* 462 6 83.6 503 6 32.3* 537 6 32.7* 515 6 42.1*
db/db 1 FC-Exo 503 6 32.8* 499 6 43.8* 514 6 9.3* 520 6 55.6* 519 6 49*
db/db 1 liposome 491 6 51.3* 506 6 37.3* 502 6 16.8* 508 6 15.9* 514 6 35.9*

0 weeks 8 weeks

HbA1c % mmol/mol % mmol/mol
db/m 1 saline 4.3 6 0.37 23.9 6 4.1 4.4 6 0.35 24.9 6 4.0
db/db 1 saline 9.9 6 1.76* 85.4 6 19.3 10.4 6 0.84* 90.7 6 9.1
db/db 1 SC-Exo 10.4 6 1.99* 90.2 6 22.1 10.1 6 1.29* 87.4 6 14.9
db/db 1 FC-Exo 10.7 6 0.75* 94.2 6 8.3 10.1 6 1.5* 87.0 6 16.2
db/db 1 liposome 10.7 6 1.53* 94.3 6 16.8 10.5 6 0.83* 91.6 6 9.3

db/m, db/db, and db/db 1 SC-Exo, n 5 10 mice/group. db/db 1 FC-Exo and db/db 1 liposome, n 5 8 mice/group. 0 weeks, before
treatment. *P , 0.01 vs. db/m 1 saline group.

Figure 2—SC-Exos increase IENF density (IENFD). Representative images show PGP9.5-immunoreactive IENFs (red, arrows) in the hind
plantar paw skin from nondiabetic mice (dm) (A), diabetic mice treated with saline (db) (B), and diabetic mice treated with SC-Exos (db1Exo)
(C). Histogram represents the quantitative data of the IENFD under various conditions (D). Scale bar5 50 mm. n5 10 mice/group. *P, 0.05
vs. dm mice treated with saline; #P , 0.05 vs. db mice treated with saline.
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Statistical Analysis
Data were evaluated for normality. The generalized esti-
mating equation global test was used to analyze the effects
of SC-Exo treatment on nerve conduction velocities (NCVs).
Repeated-measures ANOVA (ANCOVA) was used to analyze
the treatment effect in individual NCV, plantar test, and von
Frey test over time. The analysis started testing for group-by-
time interaction followed by testing for themain effect of group
and subgroup analyses. One-way ANOVA followed by Tukey
test was used for multiple group comparisons. Student t test
was performed for two-group comparisons. Data are presented
asmean6 SD. Statistical significance was detected at P, 0.05.

Data and Resource Availability
The data sets and resource generated and/or analyzed during
the current study are available from the corresponding
author upon reasonable request.

RESULTS

SC-Exos Improve Neurological Function in Mice With
DPN
Using a differential ultracentrifugation approach, we iso-
lated exosomes from the supernatant of Schwann cells
cultured with exosome-depleted medium. TEM and Nano-
Sight analysis revealed that SC-Exos had an average size of
102.36 11.4 nm, and these exosomes exhibited the exosomal
marker proteins Alix, HSP70, and CD63 (Fig. 1).

We then treated the db/dbmice with SC-Exos at a dose of
4 3 1010 particles/mouse/injection through a tail vein

starting at the age of 20 weeks when these mice de-
veloped DPN. Compared with db/db mice treated with
saline, db/db mice treated with SC-Exos exhibited sig-
nificantly improved MCV and SCV in the sciatic nerve,
thermal latency (plantar test), and mechanical latency
(von Frey test) starting at 4 weeks, which were main-
tained during the 8 weeks of treatment (Fig. 1). The
effect of the SC-Exos on DPN is specific because FC-Exos
did not improve NCVs and the mechanical and thermal
sensitivity (Fig. 1). Moreover, treatment of db/db mice
with liposome mimics containing lipid components did
not show significant improvement of functional outcome
compared with saline treatment (Fig. 1). The SC-Exo treat-
ment did not significantly alter blood glucose levels, HbA1c,
and animal body weight compared with the saline treatment
(Table 1). Additionally, db/db mice had increased levels of
triglyceride and total cholesterol in plasma and liver com-
pared with db/m mice. SC-Exos did not significantly reduce
triglyceride levels of db/db mice, although SC-Exos reduced
mean levels of triglyceride. Total cholesterol levels in
SC-Exos–treated db/db mice were not different from
control db/db mice (Supplementary Table 3). Collectively,
these data demonstrate that treatment with SC-Exos
ameliorates DPN.

SC-Exos Reduce Diabetes-Induced Sciatic Nerve
Damage
Immunostaining analysis of the footpad tissues of mice at
age 28 weeks showed that compared with nondiabetic

Figure 3—Effect of SC-Exos on histomorphometric changes of sciatic nerves. Representative images of semithin toluidine blue–stained
cross sections of sciatic nerves from nondiabetic mice (dm) (A), diabetic mice treated with saline (db) (B), and diabetic mice treated with
SC-Exos (db1 Exo) (C). TEM images of ultrastructure of sciatic nerve fromdm (D), db (E), db1 Exo (F ) mice. Intactmyelinated axonswith few
mitochondria (arrows) in a dm mouse (D). Demyelinated and damaged axons (asterisks) in a db mouse (E). Axon with thin myelin (asterisk) in
a db 1 Exo mouse, indicating remyelination (F ). The table shows the quantitative data of a histomorphometric parameter of toluidine blue–
stained sciatic nerve. Scale bars 5 25 mm (C) and 1 mm (F).
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db/m mice, db/db mice exhibited a significant reduction of
PGP9.5-positive sensory IENF density, whereas the SC-Exo
treatment significantly increased IENF density in db/db
mice compared with the saline treatment (Fig. 2). In
contrast, FC-Exos did not significantly increase IENF
density in db/db mice (Supplementary Fig. 1). Moreover,
analysis of toluidine blue–stained sciatic nerves showed
that db/dbmice exhibited substantial reduction of sciatic

nerve fiber diameter and myelin sheath thickness and an
increase in g-ratio (axon diameter/fiber diameter). How-
ever, SC-Exo treatment significantly reduced the sciatic
nerve morphology altered by diabetes. Additional ultra-
structural analysis of sciatic nerves showed robust reduc-
tion of demyelination and axonal damage and augmentation
of remyelination in db/db mice treated with SC-Exos
(Fig. 3).

Figure 4—Distribution of SC-Exos in the sciatic nerve tissue. Representative confocal microscopic images show that these nerve fibers are
MBP positive (red) (A) and NFH positive (red) (B) with the presence of puncta GFP (green) signals. The orthographic three-dimensional
projection in enlarged areas demonstrated that GFP signals are colocalized to MBP (a) and NFH (b). However, some of GFP signals are
localized within the MBP-positive signals (a’) and outside the NFH-positive signals (b’). These data suggest that SC-Exos-GFP are
internalized by MBP-positive Schwann cells and NFH-positive nerve fibers of the sciatic nerve. TEM images show that GFP immunogold-
positive particles (arrows) are present in the neurofilament (NF) (C) and mitochondria (M) (D) of sciatic nerves, indicating the presence of
SC-Exos-GFP in nerve fibers of the sciatic nerve. n 5 3 mice/group. Scale bars 5 20 mm (A and B).
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To examine whether administered SC-Exos reach to
sciatic nerves, SC-Exos-GFP were intravenously admin-
istered to db/dbmice. Three-dimensional confocal image
analysis of double immunofluorescently stained sciatic
nerves showed that GFP signals were colocalized to MBP-
positive cells and neurofilament H (NFH)–positive nerve
fibers (Fig. 4). TEM images showed that GFP immunogold-
positive particles were detected in neurofilaments and
mitochondria of sciatic nerves (Fig. 4). Taken together,
our results demonstrate that SC-Exos are internalized by
Schwann cells and nerve fibers.

SC-Exo Treatment Reverses Diabetes-Altered miRs
and Proteins in the Sciatic Nerve
We and others have demonstrated that miRs are involved
in the progression of diabetes and DPN (8–10). qRT-PCR
analysis showed that DPN significantly reduced many
miRs in sciatic nerve tissues compared with sciatic nerve
tissue in db/m mice (Fig. 5). Substantially reduced miRs
included miR-21, -27a, and -146a, which are consistent
with findings from studies in patients and experimental
animals with diabetes (12,14,33). The SC-Exo treatment
significantly increased miR-21, -27a, and -146a in sciatic
nerve tissues (Fig. 5), whereas treatment of db/db mice
with FC-Exos did not significantly alter miR-21, -27a,
and -146a levels (Supplementary Fig. 1). In situ hybrid-
ization analysis with LNA probes specific to mature miR-
27a revealed that NF-200–positive DRG neurons in db/m
mice expressed abundant miR-27a, while DRG neurons
from db/db mice exhibited substantial reduction of miR-
27a. The SC-Exo treatment considerably overcame di-
abetes-reduced miR-27a signals in DRG neurons in db/db
mice (Fig. 5). We then analyzed these miRs in SC-Exos
and found that compared with the FC-Exos, miR-21,
-27a, and -146a were enriched in the SC-Exos (Fig. 5),
suggesting that SC-Exos may transfer these miRs into
sciatic nerve tissues. Furthermore, Western blot analysis
of sciatic nerve tissues showed that the DPN consider-
ably increased semaphorin 6A (SEMA6A); Ras homolog
gene family, member A (RhoA); phosphatase and tensin
homolog (PTEN); and phosphorylated nuclear factor-kB
(pNF-kB), whereas the SC-Exo treatment, but not FC-
Exos, significantly reduced SEMA6A, RhoA, PTEN, and
pNF-kB compared with the saline treatment (Fig. 5 and
Supplementary Fig. 1). Using bioinformatics analysis with
IPA, we found that SEMA6A, RhoA, and PTEN are among
genes putatively targeted by miR-21, -27a, and -146a,
respectively, while NF-kB is an indirect target (Fig. 5).
Upregulation of SEMA6A, RhoA, PTEN, and NF-kB indu-
ces peripheral nerve dysfunction (34–38). Thus, an inverse
association between these miRs and the proteins SEMA6A,
RhoA, PTEN, and NF-kB suggest that miR-21, -27a, and
-146a transferred by SC-Exos potentially target SEMA6A,
RhoA, PTEN, and NF-kB proteins in the sciatic nerve
tissues, which may contribute to improved peripheral nerve
function.

SC-Exos Promote Neurite Outgrowth of DRG Neurons
and Migration of Schwann Cells In Vitro
To examine the direct effect of SC-Exos on axonal growth
of DRG neurons, we performed in vitro experiments. DRG
neurons harvested from db/dbmice exhibited substantially
reduced neurite outgrowth compared with DRG neurons

Figure 5—SC-Exos increase miR-21, -27a, and -146a and decrease
SEMA6A, RhoA, PTEN, and pNF-kB proteins in the sciatic nerve
tissue. qRT-PCR data of miR-21, -27a, and -146a levels in sciatic
nerve tissue in nondiabetic mice (dm), diabetic mice treated with
saline (db), and diabetic mice treated with SC-Exos (db 1 Exo) (n 5
9 mice/group) (A). Profiles of miR-21, -27a, and -146a in SC-Exos
and FC-Exos (n 5 6/group) (B). Representative images of in situ
hybridization with LNA miR-27a probes showing miR-27a signals
(arrow) in cytoplasm of DRG neurons of dm mice (C ) and db (D) or
SC-Exos (1Exo) (E) mice. miR-27a signals had the same pattern in
the three individual mice per group. Representative images of miR-
27a signals colocalized with NF-200–positive DRG neurons (n 5
3 mice/group) (F–H). Scale bars 5 20 mm. Representative Western
blot image (I) and quantitative data (K) of protein levels of SEMA6A,
RhoA, PTEN, and pNF-kB in sciatic nerve tissues of dm, db, and
db 1 Exo mice (n 5 6 mice/group). Fold changes normalized to
control. Signaling network of miR-21, -27a, and -146a and their
related proteins (target genes), which was generated using IPA
pathway building tools (J). *P , 0.05 vs. dm mice; #P , 0.05 vs.
db mice.
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from db/mmice (Fig. 6). However, the addition of SC-Exos
(6 3 109 particles/mL) into diabetic DRG neurons com-
pletely reversed the diabetes-reduced neurite growth. Con-
focal microscopic analysis showed that Texas Red–labeled
SC-Exos were internalized by MAP2-positive DRG neurons
(Fig. 6). To examine the cause-effect of miR-27a within
SC-Exo cargo on neurite outgrowth, we generated SC-Exos
carrying reduced miR-27a (miR-27siExos). qRT-PCR anal-
ysis revealed that compared with SC-Exos derived from
scrambled siRNA-transfected cells, levels of miR-27a
within miR-27siExos were reduced by 51%. Treatment
of diabetic DRG neurons with miR-27asiExos did not
significantly promote neurite outgrowth. In addition to
DRG neurons, naive SC-Exos abolished HG-inhibited
Schwann cell migration, whereas miR-27asiExos did not
suppress HG-reduced Schwann cell migration (Fig. 7).
These in vitro data suggest that SC-Exos are internal-
ized by DRG axons and facilitate neurite growth of
diabetic DRG neurons and migration of Schwann cells
and that SC-Exo cargo miR-27a contributes to SC-Exos–
increased neurite outgrowth in diabetic DRG neurons
and Schwann cell migration.

DISCUSSION

The current study for the first time demonstrates that
systemic administration of SC-Exos to diabetic db/db mice
with DPN significantly ameliorates DPN likely by increas-
ing IENFs and reducing axonal and myelin damage of the
sciatic nerve. Interactions between SC-Exo cargo miRs and

their putative target proteins in sciatic nerves tissues may
contribute to underlying molecular mechanisms mediating
the SC-Exo therapy. These novel findings provide evidence
that SC-Exos are effective for the treatment of DPN in
mice.

In addition to myelination, Schwann cells release nu-
merous factors and communicate with axons to regulate
peripheral nerve function (4,5,18). Dysfunction of this
communication is involved in the development of DPN
(1,6,7). Exosomes play essential roles in intercellular
communication by transferring their cargo between source
and recipient cells (15,16). We previously showed that
exosomes derived from HG-stimulated Schwann cells fa-
cilitate the development of DPN by reduction of epidermal
nerve fibers in diabetic db/db mice (17). The current study
demonstrates that SC-Exos have a potent therapeutic
effect on DPN in the mouse. Although not excluding the
possibility that other cell sources for exosomes may have
a therapeutic effect for DPN, the observed therapeutic
effect is somewhat specific because FC-Exos do not have
any therapeutic effect on DPN. Using a rat model of
sciatic nerve injury, Lopez-Verrilli et al. (18) reported
that the administration of exosomes derived from healthy
differentiated Schwann cells substantially enhances the
regeneration of injured axons. Moreover, exosomes de-
rived from human Schwann cells have a protective effect
on DRG neurons injured by mechanical strain (39).

DPN involves large and small nerve fibers as well as
myelinated and nonmyelinated nerve fibers. Reduction of

Figure 6—SC-Exos are internalized by DRG neurons and increase neurite outgrowth. Representative images of NFH-positive neurite of DRG
neuronsderived fromnondiabeticmice (dm) (A), diabeticmice (db) (B), dbmice treatedwith SC-Exos (1Exo) (C), andSC-Exowith reducedmiR-27a
(1si) (D) or scrambled control (1ScrC) (E). Scale bar in E5 100 mm. Representative confocal image of fluorescently Exo-fect-labeled SC-Exo (red)
diffused within the cytoplasm of a MAP2-positive DRG neuron (green) (F–H). Quantitative data of neurite length of DRG neuron under different
culture conditions (I). n 5 6/group. *P , 0.05 vs. the dm DRG neurons; #P , 0.05 vs. the db DRG neurons; $P , 0.05 vs. 1ScrC.
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IENFs induces dysfunction of small nerve fibers that re-
spond to impairment of mechanical and thermal stimula-
tions, the earliest distal symptoms of DPN (1,40). Clinically,
reduction of IENFs in skin biopsy has been widely used as
a reliable assay to evaluate DPN (3). Nerve conduction
measurements assess large myelinated fiber function
and have been used in patients as a standard procedure
to diagnose DPN (41). Data from the current study
indicate that SC-Exos improve IENFs, myelination, and
NCVs and in concert, improve sensory nerve function
and ameliorate neuropathic symptoms of DPN. How-
ever, we do not know whether the therapeutic effect of
SC-Exos results from slowing and/or reversing dam-
aged peripheral nerve function. We and others have
demonstrated that diabetic db/db mice progressively
develop impairments of small and large nerve fibers at
age 20–28 weeks (12,42). Treatment of db/db mice with
sildenafil has a more robust therapeutic effect in the
early stage of DPN than in advanced DPN (25,43). Ultra-
structural data in the current study showed signs of
remyelination, suggesting a myelin repair process. We
thus speculate that SC-Exos act on protecting and/or
reversing damaged peripheral nerve fibers. Additional

studies evaluating the temporal windows of SC-Exo treat-
ment of DPN are warranted.

The SC-Exo treatment did not significantly alter blood
glucose levels, suggesting that the therapeutic effect is not
through reducing blood glucose levels. Diabetes-induced
down- and upregulated miRs mediate the development of
DPN (9,10,12,17). For example, diabetes-upregulated
miRs, including miR-28, -31, and -130, in Schwann cells
are detrimental to DPN by downregulating proteins that
support axonal structures and function (17). The current
study finds that diabetes substantially reduced miR-21,
-27a, and -146a levels in the sciatic nerve tissue, which is
consistent with reports from human and animal studies
(12,14,33). Patients with T2D exhibit increased suscepti-
bility to neuropathy when they have polymorphisms in
miR-146a, miR-27a, and miR-124a genes (11). Mice with
DPN exhibit significant reduction of let-7i and miR-27a
(13). Elevation of let-7i and miR-146a by exogenous miR
mimics substantially ameliorates DPN in mouse models of
diabetes (12,14). The current study suggests that SC-Exo
miRs interact with their putative proteins in recipient
sciatic nerves of DRG neurons and Schwann cells. Com-
pared with FC-Exos, SC-Exos were enriched with miR-
21, -27a, and -146a, whereas SC-Exos with ablation of
miR-27a lost the exosomal effect on promoting axonal
growth of diabetic DRG neurons and migration of Schwann
cells compared with naive SC-Exos. Moreover, our in vivo
data indicate that intravenously administered SC-Exos
were associated with elevation and reduction of diabetes-
decreased miR-21, -27a, and -146a and augmented pro-
teins of SEMA6A, RhoA, PTEN, and NF-kB in the sciatic
nerve tissue, respectively. Bioinformatics analysis pre-
dicted that these three miRs could either directly or
indirectly target SEMA6A, RhoA, PTEN, and NF-kB genes,
and these proteins have been demonstrated to damage
axons and inhibit axonal growth (37,44–46). In addition
to proteins in the extracellular matrix to inhibit axonal
growth, emerging data indicate that endogenous proteins
within neurons and axons play major roles in blocking
axonal growth after axonal injury (44). These endogenous
axonal inhibitory proteins include PTEN and RhoA
(45,47,48). Knockdown of PTEN in DRG neurons pro-
motes myelinated axonal regrowth and skin re-enervation
in diabetic mice (47), while blockage of the RhoA/ROCK
(Rho-associated kinase) signaling pathway enhances axo-
nal regeneration and relieves pain in DPN (45). In addi-
tion, treatment of diabetic db/db mice with miR-146a
mimics augmented small and large nerve fibers by in-
activation of NF-kB through targeting IRAK1 and TRAF6
genes in Schwann cells and axons of DRG neurons (12).
The current study provides evidence that intravenously
administered SC-Exos are internalized by MBP-positive
Schwann cells and NFH-positive nerve fibers in sciatic
nerves, as demonstrated by immunofluorescent staining,
and are internalized by neurofilaments and mitochondria
of sciatic nerves as shown by TEM. Together, our data
along with others suggest that the interaction of SC-Exo

Figure 7—SC-Exos reverse HG-impaired Schwann cell migration.
Representative images of migration of Schwann cells treated with
RG, HG with or without SC-Exos (1Exo), SC-Exo with reduced miR-
27a (1si), or scrambled control (1ScrC) (A). Quantitative data of
migration of Schwann cells under different culture conditions (B).
Scale bar5 100mm. n5 6/group. *P, 0.05 vs. RG group; #P, 0.05
vs. HG group.
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miRs with their target genes in recipient axons and Schwann
cells may underlie mechanisms facilitating the therapeutic
effect of SC-Exos on DPN. However, it remains unknown
whether increased miRs in the sciatic nerve tissue are caused
by directly transferring exosomal cargo miRs to recipients
and/or by upregulating recipient cell miRs triggered by
SC-Exo miRs. Additionally, the current study cannot
exclude the possibility that other miRs within SC-Exos and
exosomal cargo proteins, such as HSP70, may also contribute
the observed therapeutic effect.

Abnormal liver function and dyslipidemia are associ-
ated with DPN (49). A recent study in patients with T2D
and DPN suggested that reduction of serum cholesterol
levels exacerbates neuropathy (50). Our data showed that
SC-Exos did not significantly change total cholesterol
levels. However, we cannot exclude an effect of SC-Exos
on dyslipidemia and liver function, and further inves-
tigations in this area are warranted. Nevertheless, the
current study suggests that SC-Exos represent a novel
therapeutic approach for the treatment of DPN.
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