
RESEARCH Open Access

Bone marrow-derived mesenchymal stem/
stromal cells reverse the sensorial diabetic
neuropathy via modulation of spinal
neuroinflammatory cascades
Afrânio Ferreira Evangelista1, Marcos André Vannier-Santos2, Gessica Sabrina de Assis Silva3,
Daniela Nascimento Silva4, Paulo José Lima Juiz5, Carolina Kymie Vasques Nonaka4, Ricardo Ribeiro dos Santos4,
Milena Botelho Pereira Soares1,4 and Cristiane Flora Villarreal1,3*

Abstract

Background: Diabetic neuropathy (DN) is a frequent and debilitating manifestation of diabetes mellitus, to which
there are no effective therapeutic approaches. Mesenchymal stem/stromal cells (MSC) have a great potential for the
treatment of this syndrome, possibly through regenerative actions on peripheral nerves. Here, we evaluated the
therapeutic effects of MSC on spinal neuroinflammation, as well as on ultrastructural aspects of the peripheral nerve
in DN-associated sensorial dysfunction.

Methods: C57Bl/6 mice were treated with bone marrow-derived MSC (1 × 106), conditioned medium from MSC
cultures (CM-MSC) or vehicle by endovenous route following the onset of streptozotocin (STZ)-induced diabetes.
Paw mechanical and thermal nociceptive thresholds were evaluated by using von Frey filaments and Hargreaves
test, respectively. Morphological and morphometric analysis of the sciatic nerve was performed by light microscopy
and transmission electron microscopy. Mediators and markers of neuroinflammation in the spinal cord were
measured by radioimmunoassay, real-time PCR, and immunofluorescence analyses.

Results: Diabetic mice presented behavioral signs of sensory neuropathy, mechanical allodynia, and heat
hypoalgesia, which were completely reversed by a single administration of MSC or CM-MSC. The ultrastructural
analysis of the sciatic nerve showed that diabetic mice exhibited morphological and morphometric alterations,
considered hallmarks of DN, such as degenerative changes in axons and myelin sheath, and reduced area and
density of unmyelinated fibers. In MSC-treated mice, these structural alterations were markedly less commonly
observed and/or less pronounced. Moreover, MSC transplantation inhibited multiple parameters of spinal
neuroinflammation found in diabetic mice, causing the reduction of activated astrocytes and microglia,
oxidative stress signals, galectin-3, IL-1β, and TNF-α production. Conversely, MSC increased the levels of
anti-inflammatory cytokines, IL-10, and TGF-β.
Conclusions: The present study described the modulatory effects of MSC on spinal cord neuroinflammation
in diabetic mice, suggesting new mechanisms by which MSC can improve DN.

Keywords: Stem cells, Sensory neuropathy, Diabetes, Spinal cord, Neuroinflammation, Galectin-3

* Correspondence: cfv@ufba.br
1Gonçalo Moniz Institute, Oswaldo Cruz Foundation-FIOCRUZ, Salvador, BA
CEP 40296-710, Brazil
3Pharmacy College, Federal University of Bahia, Salvador, BA CEP 40170-290,
Brazil
Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Evangelista et al. Journal of Neuroinflammation  (2018) 15:189 
https://doi.org/10.1186/s12974-018-1224-3

http://crossmark.crossref.org/dialog/?doi=10.1186/s12974-018-1224-3&domain=pdf
mailto:cfv@ufba.br
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Background
Diabetes mellitus is a highly debilitating disease that affects
humans, with an estimated global prevalence of 6% [1].
Among the several complications that contribute to the re-
duced life quality and life expectancy of diabetic patients,
diabetic neuropathy (DN) is the most frequent and recog-
nized nervous system pathology, affecting approximately
50% of patients with both type 1 and type 2 diabetes [2].
Axonal degeneration, demyelination, and disordered repair
are observed in the nerves of patients with diabetes, affect-
ing both myelinated and unmyelinated, as well as large and
small fibers [3]. Clinical manifestations of DN include pain-
ful neuropathic symptoms, such as spontaneous pain,
hyperalgesia and allodynia, and sensory loss, resulting in
foot ulcerations and amputations [4].
Glycemic control can slow, but not completely pre-

vent, the progression of DN [3], and thus, therapies aim-
ing to relieve sensory symptoms are essential.
Additionally, the available analgesic drugs appear to be
relatively ineffective in controlling neuropathic pain as-
sociated with DN [5]. Currently, there are no drugs
available that can restore nerve function, and the usual
therapeutic strategies for diabetic neuropathic pain are
limited to palliative analgesic effects [6].
Successful control of DN is linked to the establishment

of new disease-modifying therapeutic approaches. In this
context, cell-based therapies represent a promising alter-
native. Cellular therapies have shown favorable results
and can be considered as a potential approach in treat-
ing neuropathic pain [7]. The cell transplantation strat-
egy for neuropathic pain treatment is focused on
cell-based analgesia and neuroprotective/regenerative
potential. In this setting, stem cells can represent not
only a treatment for pain but also a method aimed at
repairing the damaged nervous system [8]. Recent stud-
ies have shown that transplantation of progenitor/stem
cells, such as endothelial progenitor cells and mesenchy-
mal stem/stromal cells (MSC), ameliorates diabetic neur-
opathy in experimental diabetes [9–14]. Shibata et al.
reported that intramuscularly transplanted MSC im-
proves sciatic nerve conduction velocity, sciatic nerve
blood flow, as well as increases density of small vessels
in the muscle of streptozotocin (STZ)-induced diabetic
rats [9]. These authors suggested that the beneficial ef-
fects are mediated by paracrine actions of locally re-
leased angiogenic factors, such as vascular endothelial
growth factor and basic fibroblast growth factor. Due to
the key role of ischemia and decreased nerve blood flow
in the pathophysiology of diabetic neuropathy [15], the
lack of angiogenic factors has been regarded as an im-
portant mechanism of DN [16]. Considering that MSC
secrete neurotrophic and angiogenic factors [17, 18],
these were the first candidates to explain the efficacy of
cell therapy for DN, as suggested by a number of studies

[9–11, 13]. In addition, the contribution of immunosup-
pressive and anti-inflammatory effects of MSC on per-
ipheral nerves in STZ-induced DN has also been
proposed [12, 19].
Although there is strong evidence of the importance

of peripheral nerve pathological processes in DN patho-
genesis, there is now emerging evidence of the involve-
ment of the central nervous system in diabetic
neuropathy. Multiple biochemical and anatomical alter-
ations in the central nervous systems have been associ-
ated with the development and maintenance of DN [20].
In contrast to traumatic neuropathy, during DN, the
spinal sensory neurons are not principally driven by in-
put from primary afferent neurons because sensory in-
puts to the spinal cord decrease rather than increase in
diabetes [21, 22]. Hyperglycemia and the resulting oxida-
tive stress affect the local microenvironment in the
spinal cord, promoting activation of glial cells [22]. In
turn, activated spinal glial cells induce a series of alter-
ations, such as activation of intracellular signaling path-
ways and neuroinflammation, which directly influence
the establishment of sensorial neuropathy [22–24]. Con-
sidering this scenario, the present study was designed to
investigate the hypothesis that regulation of spinal neu-
romodulator pathways, underlying the maintenance of
diabetic neuropathy, contributes to MSC-induced bene-
ficial effects on sensorial dysfunction during DN. In
addition, the effects of MSC on ultrastructural aspects of
the peripheral nerve were also investigated.

Methods
Bone marrow-derived mesenchymal cell (MSC) culture
and conditioned medium preparation
Mesenchymal stem cells were obtained from the bone
marrow of femurs and tibiae of GFP (green fluorescent
protein) transgenic C57Bl/6 mice. Bone marrow samples
were diluted in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Carlsbad, CA, USA), and the mono-
nuclear cell fraction was obtained by Ficoll-Hypaque
gradient (Sigma, St Louis, MO, USA), after centrifuga-
tion at 400×g for 30 min at 20 °C. The interface contain-
ing mononuclear cells was collected in individualized
tubes and washed twice in incomplete DMEM. Mono-
nuclear cells were resuspended in DMEM medium sup-
plemented with 2 mM L glutamine, 1 mM sodium
piruvate, 50 μg/mL gentamycin, and 10% fetal bovine
serum (all reagents were acquired from Sigma) and cul-
tured at the density of 105 cells/cm2 in polystyrene
plates. Cell cultures were maintained at 37 °C with 5%
CO2. The cells were expanded during approximately five
passages, and when 90% confluence was reached, the
cells were detached using 0.25% trypsin (Invitrogen/Mo-
lecular Probes, Eugene, OR, USA) and expanded in new
culture bottles (9 × 103 cells/cm2). The identity of MSC
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was confirmed on the basis of morphological criteria,
plastic adherence, and specific surface antigen expres-
sion: CD90 (+), CD44 (+), Sca-1 (+), CD45(−), CD34 (−),
and CD11b (−). Differentiation ability of MSC was also
evaluated after induction using specific media, as previ-
ously described [25]. Oil Red, Alizarin Red, and Alcian
Blue stainings (Sigma) were used to assess adipogenic,
osteogenic, and chondrogenic differentiation, respectively.
Conditioned medium (CM) was obtained from MSC

cultures (CM-MSC), as previously described [26]. MSC
(7 × 106, five passages) were washed three times with
phosphate-buffered saline (PBS) and transferred to a
serum-free DMEM culture medium during 24 h. Then,
CM was concentrated 15 times by centrifugation at
4000 g for 15 min at 13 °C, using ultrafiltration units
(Amicon Ultra-PL 10, Millipore, Bedford, MA, USA). Fil-
ter units were used only one time to avoid membrane sat-
uration. Concentrated CM-MSC were then sterilized on
0.22 μm filters (Millipore) and stored at − 80 °C until used.
CM-MSC was divided into aliquots of 700 μL before
freezing to avoid repeated freeze/thaw cycles. The mean
protein concentration of CM-MSC was of 1.5–1.8 mg/ml,
and there was no difference between fresh and frozen
CM-MSC. Serum-free DMEM, centrifuged and filtered,
was used as control medium (vehicle group).

Animals
Experiments were performed on male C57Bl/6 mice
(20–25 g) obtained from the Animal Facilities of Insti-
tuto Gonçalo Moniz/FIOCRUZ (Brazil). MSC were ob-
tained from male GFP transgenic C57Bl/6 mice. Animals
were housed in temperature-controlled rooms (22–25 °
C), under a 12:12-h light-dark cycle, with access to water
and food, ad libitum. All behavioral tests were per-
formed between 8:00 a.m. and 5:00 p.m., and animals
were only tested once. Animal care and handling proce-
dures were in accordance with the National Institutes of
Health guidelines for the care and use of laboratory ani-
mals (NIH, 8023) and the Institutional Animal Care and
Use Committee FIOCRUZ (CPqGM 025/2011). Every ef-
fort was made to minimize the number of animals used
and to avoid any unnecessary discomfort.

Diabetic neuropathy model
Diabetes was induced by intraperitoneal (i.p.) injection
of streptozotocin (80 mg/kg in citrate buffer, pH 4.5)
for three consecutive days [14]. The control group re-
ceived citrate buffer in the place of streptozotocin.
Blood glucose levels were determined in blood sam-
ples from the tail vein using ACCU-CHEK glucose
sticks. Mice were considered diabetic if glycemia
values exceeded 250 mg/dL. Pain-like behaviors were
assessed throughout the experimental period to con-
firm the development of the DN.

Assessment of diabetic sensorial neuropathy by
behavioral assays
Sensorial parameters of DN were assessed throughout
the experimental period by using the established behav-
ioral assays that evaluate mechanical and thermal noci-
ceptive thresholds [27, 28]. Behavioral tests were
performed in blind fashion. Withdrawal threshold to
mechanical stimulation was measured with von Frey fila-
ments (Stoelting; Chicago, IL, USA). In a quiet room,
mice were placed in acrylic cages (12 × 10 × 17 cm) with
wire grid floor, allowing full access to the ventral aspect
of the hind paws, 40 min before the beginning of the
test. A logarithmic series of nine filaments were applied
to the plantar surface of the ipsilateral hind paw to de-
termine the threshold stiffness required for 50% paw
withdrawal according to the non-parametric method of
Dixon, as described by Chaplan and collaborators [28].
A positive response was characterized by the removal of
the paw followed by clear flinching movements. The de-
velopment of DN was characterized by mechanical allo-
dynia, indicated by the reduction of the paw withdrawal
threshold (in grams).
Withdrawal threshold to heat stimulation was de-

termined using the Plantar Test (Hargreaves Appar-
atus, Ugo Basile Biological Instruments, Gemonio,
Italy) as previously described [27]. Similar to the von
Frey test, mice underwent an acclimatization period
before the beginning of the test. An infra-red light
source was placed under the glass floor and posi-
tioned at the center of the hind paw of mice. On
paw withdrawal, a photo-cell automatically shut off
the heat source and recorded the time to withdrawal.
To avoid thermal injury, there was an upper cutoff
limit of 20 s after which the heating was automatic-
ally terminated. The stimulation was applied three
times with intervals of at least 5 min. The averaged
threshold from these three trials was recorded as the
thermal nociception threshold. Heat hypoalgesia was
indicated by the increase of the paw withdrawal
threshold (in seconds).

Motor function assay
To evaluate the motor performance, mice were submit-
ted to the rota-rod test, as previously described [29].
The rota-rod apparatus (Insight, Ribeirão Preto, Brazil)
consisted of a bar with a diameter of 3 cm, subdivided
into five compartments. On the test day, mice from dif-
ferent experimental groups were placed on the rotating
rod (eight revolutions per min) and the falling avoidance
was measured for up to 120 s. Mice treated with diaze-
pam (10 mg/kg; Cristália, Itapira, SP, Brazil), the test ref-
erence drug, were placed on a rotating rod 1 h after
treatment. The results were analyzed as the average time
(s) the animals remained on the rota-rod in each group.
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Experimental design
Mice were divided into the following groups (n = 6): con-
trol non-diabetic group, diabetic neuropathy plus control
treatment (STZ + saline), diabetic neuropathy plus MSC
treatment (STZ +MSC), diabetic neuropathy plus
CM-MSC treatment (STZ + CM-MSC), and diabetic
neuropathy plus CM-MSC treatment control (STZ + ve-
hicle). Nociceptive tests (von Frey and Plantar Test)
were performed at baseline and daily after diabetic neur-
opathy induction. Four weeks following induction, and
after the establishment of behavioral neuropathic pain as
assessed by nociceptive tests, mice were transplanted via
tail vein injection with 1 × 106 cells/mouse in a final vol-
ume of 100 μL. The number of transplanted MSC was
defined based on previous work [14]. The STZ + saline
and STZ + vehicle groups received an endovenous injec-
tion (100 μL) of saline or vehicle (serum-free DMEM,
centrifuged and filtered), respectively. Motor perform-
ance and body weight were recorded weekly to assess
general toxicity. Two and 8 weeks after treatments, mice
were sacrificed for biological sampling. For the trans-
planted MSC tracking study, mice were sacrificed 24 h,
1 week or 3 weeks after MSC injection, for biological
sampling.

Morphological and morphometric analysis of sciatic nerve
Eight weeks after treatments (12 weeks after the neur-
opathy induction), mice were euthanized and sciatic
nerve samples (± 1 cm) were collected, processed and
subjected to morphological and morphometric analysis
by light microscopy and transmission electron micros-
copy. The samples were fixed in 2.5% glutaraldehyde
(grade I, Sigma) in 0.1 M sodium cacodylate buffer over-
night; washed in cacodylate buffer; post-fixed in 1% os-
mium tetroxide (Sigma), 0.8% potassium ferricyanide,
and 5 mM CaCl2 in the same buffer for 60 min; serially
dehydrated using graded acetone; and embedded in
Poly/Bed resin (Polysciences, Warrington, PA, USA).
Transverse sections (1 μm thick) were stained with 1%

toluidine blue and examined by light microscopy. Images
of semi-thin sections were captured and examined using
the software Image-Pro Plus 7.01 (MediaCybernetics,
Rockville, MD, USA). Morphometric parameters of mye-
linated fibers, such as axonal diameter, fiber diameter,
myelin sheath thickness, percentage of abnormal fibers
(fibers with irregular shapes, infoldings, or compacted
myelin), and G ratio values were obtained, as described
previously [30–32]. For ultrastructural analysis of unmy-
elinated fibers, ultrathin sections were stained with 5%
uranyl acetate for 30 min and 3% lead citrate for 5 min
and observed in JEOL electron microscope (JEM -
1230). Morphological and morphometric evaluation of
unmyelinated fibers was performed, as previously de-
scribed [33, 34].

Cytokine measurement by ELISA
For the measurement of cytokine levels, the spinal cords
were collected 2 and 8 weeks after treatments, in mice
terminally anesthetized with halothane vaporized in 95%
O2 and 5% CO2 from each experimental group. The L4–
L5 spinal segments were removed and rapidly frozen
and stored at − 80 °C. Samples were homogenized in
ice-cold phosphate-buffered saline (PBS; 100 mg tissue/
mL) to which 0.4 M NaCl, 0.05% Tween 20, and prote-
ase inhibitors (0.1 mM PMSF, 0.1 mM benzethonium
chloride, 10 mM EDTA, and 20 KI aprotinin A/100 mL)
were added (Sigma). The samples were centrifuged for
10 min at 3000 g, and supernatant aliquots were frozen
at − 80 °C for later quantification. Tumor necrosis
factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-10
(IL-10), and transforming growth factor-β (TGF-β) levels
were estimated using commercially available immuno-
assay ELISA kits for mice (R&D System, Minneapolis,
MN, USA), according to the manufacturer’s instructions.
The results are expressed as picograms of cytokine per
milligram of protein.

Real-time PCR
The transcription of catalase, superoxide dismutase,
glutathione peroxidase, and Nrf2 genes was evaluated by
real-time quantitative polymerase chain reaction
(qRT-PCR) in mouse spinal cord at the conclusion of
the experimental period (8 weeks after treatments).
Total RNA was extracted from L4–L5 spinal segments
with TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and the concentration determined by photometric meas-
urement. A High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA) was
used to synthesize cDNA from 1 μg of RNA, according
to the manufacturer’s recommendations. Synthesis of
cDNA and RNA expression analysis was performed by
real-time PCR using TaqMan Gene Expression Assay for
Cat (Mm00437992_m1), Sod1 (Mm01344233_g1), Gpx1
(Mm00492427_m1), and Nrf2 (Mm00477784_m1). A
no-template control (NTC) and no-reverse transcription
controls (No–RT) were also included. All reactions were
run in duplicate on an ABI7500 Sequence Detection Sys-
tem (Applied Biosystems) under standard thermal cyc-
ling conditions. The mean Ct (cycle threshold) values
from duplicate measurements were used to calculate ex-
pression of the target gene, with normalization to an in-
ternal control––Gapdh (Mm99999915_g1), using the 2–
DCt formula. Experiments with coefficients of variation
greater than 5% were excluded. For transplanted MSC
tracking, the transcription of GFP gene was evaluated in
the spinal cord, sciatic nerve, dorsal root ganglion,
spleen, and lung of mice 24 h, 1 and 3 weeks after MSC
treatment. The mean Ct (cycle threshold) values were
used to calculate expression of GFP, normalized to
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Gapdh, using the cycle threshold method of comparative
PCR [35].

Estimation of nitrite and lipid peroxidation
At the end of the experimental period (8 weeks after
treatments), the spinal cords were collected. L4–L5
spinal segments were rinsed with ice-cold saline and
homogenized in chilled phosphate buffer (pH 7.4), then
used to determine lipid peroxidation and nitrite estima-
tion. The malondialdehyde (MDA) content, a marker of
lipid peroxidation, was assayed in the form of thiobarbi-
turic acid-reactive substances, as previously described
[36]. Briefly, 0.5 ml of homogenate and 0.5 mL of Tris–
HCl were incubated at 37 °C for 2 h. After incubation,
1 ml of 10% trichloroacetic acid was added and centri-
fuged at 1000 g for 10 min. To 1 mL of supernatant,
1 mL of 0.67% thiobarbituric acid was added and the
tubes were kept in boiling water for 10 min. After cool-
ing, 1 mL double distilled water was added and absorb-
ance was measured at 532 nm. Thiobarbituric
acid-reactive substances were quantified using an extinc-
tion coefficient of 1.56 × 105 M−1 cm−1 and were
expressed as nanomoles of malondialdehyde per milli-
gram of protein. Nitrite was estimated in the spinal cord
homogenate using the Griess reagent and served as an
indicator of nitric oxide production [37]. Next, 500 μL
of Griess reagent (1:1 solution of 1% sulphanilamide in
5% phosphoric acid and 0.1% napthaylamine diamine
dihydrochloric acid in water) was added to 100 μL of
homogenate, and absorbance was measured at 546 nm.
Nitrite concentration (μg/ml) was calculated using a
standard curve for sodium nitrite.

Confocal immunofluorescence analyses in the spinal cord
of mice
At the conclusion of the experimental period (8 weeks
after treatments), mice were anesthetized with halothane
vaporized in 95% O2 and 5% CO2 and transcardially per-
fused with saline solution, followed by 4% paraformalde-
hyde (PFA) solution (Electron Microscopy Sciences,
Hatfield, PA, USA) in 0.01 M phosphate-buffered saline
(PBS). The spinal cords were collected, post-fixed over-
night at 4 °C in 4% PFA, cryoprotected for 48 h at 4 °C
in 30% sucrose (Merck, Whitehouse Station, NJ, USA)
in PBS, embedded in optimal cutting temperature em-
bedding compound (O.C.T., Sakura Tissue-Tek), and
frozen at − 80 °C. Transverse spinal cord sections (4 μm
thick) were obtained, fixed in 4% PFA for 10 min, and
washed in PBS twice for 5 min. Non-specific binding
was blocked by incubating the sections in 5% BSA in
PBS for 1 h, followed by incubation overnight with pri-
mary antibodies solution containing rat anti-glial fibril-
lary acidic protein––GFAP (1:200, Zymed, Thermo
Fisher Scientific, Waltham, MA, USA), goat anti-Iba1,

and rabbit anti-galectin-3, diluted in 1% BSA in PBS.
Sections were then incubated with the secondary anti-
bodies, anti-rat IgG Alexa Fluor 594 conjugated for
GFAP (1:800; Molecular Probes, Carlsbad, CA, USA),
anti-goat IgG Alexa Fluor 488 conjugated for Iba1
(1:600; Molecular Probes), or anti-rabbit IgG Alexa Fluor
568 conjugated for galectin-3 (1:100; Molecular Probes)
during 1 h at room temperature. Nuclei were stained
with Vectashield mounting medium with DAPI, 4′,6-dia-
midino-2-phenylindole (Vector Laboratories, Burlin-
game, CA, USA). Quantitative analysis, expressed as
percentage of immuno-positive area, was performed
using a confocal laser scanning A1R microscope (Nikon,
Tokyo, Japan). The area displaying immunoreactive
staining for Iba1, GFAP, or gal-3 in the superficial spinal
dorsal horn (laminae I–III) was measured using
Image-Pro Plus v. 7.01 (Media Cybernetics, Rockville,
MD, USA). The area of the ipsilateral superficial spinal
dorsal horn was also calculated. The ratio of the above
areas was used as the percentage area density of Iba1,
GFAP, or gal-3 [38].

Statistical analyses
All data are presented as means ± standard error of the
mean (S.E.M) of measurements made on six animals in
each group. Behavioral data were analyzed using
two-way ANOVA (group and time) followed by Bonfer-
roni’s multiple comparisons. For morphometric analysis,
Shapiro Wilk test was performed, and because all data
were negative for normality, Kurskal Wallis followed by
Dunns post-test was used. Remaining data were analyzed
using one-way ANOVA followed by Tukey’s post-test.
All data were analyzed using the GraphPad Prism v.5.0
software (GraphPad Inc.). Differences were considered
statistically significant for p values < 0.05.

Results
MSC transplantation reduces the sensorial dysfunction in
diabetic neuropathic mice
Behavioral testing was performed at baseline and daily,
after the model induction, to evaluate the effects of MSC
transplantation on measurable sensorial parameters of
STZ-induced diabetic neuropathy. All mice survived
until the end of the study. There were no signs of dis-
tress, motor disability, or general toxicity. STZ treatment
induced sensory neuropathy associated with mechanical
allodynia (Fig. 1a) and heat hypoalgesia in mice (Fig. 1b),
without causing motor impairment, as assessed by the
rota-rod test (data not shown).
Behavioral signs of sensory neuropathy were evident,

1 week after the diabetes model induction. Heat hypoal-
gesia persisted during the experimental period of
12 weeks (p < 0.001), while mechanical allodynia was
maintained for 10 weeks, at which time diabetic mice
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showed a gradual loss of mechanical sensitivity (p <
0.001). To determine whether MSC induce therapeutic
effects in diabetic sensory neuropathy, mice were treated
with MSC (1 × 106, 100 μL) or vehicle (100 μL) 4 weeks
after diabetes induction, when sensorial neuropathy was
fully established. One week after administration, neuro-
pathic mice treated with MSC exhibited antinociceptive
effect to mechanical stimuli (Fig. 1a, p < 0.05). The anti-
nociceptive effect of MSC was progressive, peaking
3 weeks after treatment, when a complete reversion of
the mechanical allodynia was achieved (p < 0.001). Im-
portantly, the progression of sensory neuropathy, indi-
cated by the late loss of mechanical sensitivity, was
completely prevented in MSC-treated mice. Additionally,

the MSC treatment also reverted the heat hypoalgesia of
neuropathic mice from 7 days after administration until
the end of the evaluation period (Fig. 1b, p < 0.001).

MSC restore the morphological pattern of the sciatic
nerve of mice with diabetic neuropathy
Since diabetic neuropathy is associated with morphological
alterations in the peripheral nerves, morphological analysis
of myelinated and unmyelinated fibers of the sciatic nerve
were performed at the conclusion of the experimental
period by light and electron microscopy. Data from light
microscopy showed that sciatic nerves from non-diabetic
control mice present myelinated fibers of varying diame-
ters, regular contours, intact myelin sheaths, and thickness
proportional to the diameter of their axons (Fig. 2a). The
ultrastructural evaluation of sciatic nerves from
non-diabetic mice by electron microscopy showed axons of
myelinated fibers surrounded by a typical myelin sheath
and the presence of numerous unmyelinated fibers, evenly
distributed in endoneural space (Fig. 2b). In diabetic mice,
myelinated fibers with axonal atrophy and invasion of the
myelin sheath were observed (infoldings; Fig. 2c). In
addition, large diameter myelinated fibers in axonal atrophy
process with loosening of the myelin sheath and apparent
diminution of unmyelinated fiber numbers were found in
sciatic nerves of diabetic mice (Fig. 2d). The qualitative as-
sessment of ultrastructural characteristics of sciatic nerve
from diabetic mice treated with MSC, however, showed
markedly fewer morphologic alterations relative untreated
diabetic mice. The sciatic nerve of MSC-treated mice pre-
sented myelin fibers of various sizes and with proportional
caliber sheaths surrounding the axon, myelin sheath with
regular contours, and the presence of numerous unmyelin-
ated fibers with homogeneous distribution (Fig. 2e, f). In
addition, diabetic mice presented an increased percentage
of myelin fibers with morphological alterations, in particu-
lar myelin infoldings (Fig. 2g, h). These morphological ab-
normalities, however, were completely reversed by MSC
treatment (p < 0.05).

MSC transplantation reduces morphometric alterations of
myelinated and unmyelinated fibers of the sciatic nerve
from diabetic mice
Different morphometric parameters obtained from the ana-
lysis of mouse sciatic nerve myelin fibers were evaluated
(Fig. 3). Panels c–e show that the fiber diameter mean, mye-
lin sheath thickness, and G ratio (ratio axon/nerve fiber
diameter) were not different between diabetic and
non-diabetic mice. On the other hand, the number of myelin
fibers (panel a) and axon diameter (panel b) was decreased
in diabetic neuropathy mice compared to non-diabetic mice
(p < 0.05). Importantly, MSC transplantation was able to
prevent these morphological alterations suggestive of

Fig. 1 Effect of MSC on pain-like behaviors of mice with diabetic
neuropathy. a Mechanical nociceptive thresholds: ordinates
represent the filament weight (g) in which the animal responds
in 50% of presentations. b Thermal nociceptive threshold: the axis
of ordinates represents the time (seconds) the animal takes to
withdraw its paw. The nociceptive thresholds were assessed in the
paw of each mouse before (b) and after the model induction with
streptozotocin (STZ; week 0). Control group represents mice without
diabetic neuropathy, in which saline was administered instead of
streptozotocin. Four weeks after induction, mice were treated via
endovenous route with bone marrow-derived mesenchymal cells
(STZ +MSC; 1 × 106/100 μL) or vehicle (STZ + saline; 100 μL). Data
are expressed as means ± SEM; n = 6 mice per group. *Statistical
significance relative to the control group (p < 0.001); #Statistical
significance relative to the STZ + saline group (p < 0.001), as
determined by two-way ANOVA followed by Bonferroni post-test
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Fig. 2 (See legend on next page.)
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axonal atrophy, which is associated with the diabetic neur-
opathy evolution.
Figure 4 shows the morphology and morphometry of un-

myelinated C fiber mouse sciatic nerves. Panels a–c are the
representative electromicrographs of nucleated Remak bun-
dle of non-diabetic, diabetic, and MSC-treated diabetic mice.
Diabetic mice presented shrunken C fibers, lower C fiber
area, and lower C fiber density than non-diabetic control

mice (Fig. 4b–e, p < 0.01). Morphological and morphometric
parameters of C fibers in diabetic mice treated with MSC did
not differ from those observed in non-diabetic mice.

Effects of MSC transplantation on glial cell expression in
the dorsal horn of the spinal cord of neuropathic mice
Activation of glial cells in the spinal cord is a key
event in the development and maintenance of

(See figure on previous page.)
Fig. 2 Effect of MSC on the morphology of sciatic nerve from mice with diabetic neuropathy. Representative photomicrographs of sciatic nerve
cross-sections from non-diabetic mice (panel a, control group), diabetic mice treated with saline (panel c), and diabetic mice treated with MSC
(1 × 106, panel e), 12 weeks after the neuropathy induction. Light microscopy revealed that sciatic nerve from diabetic mice (c) had large myelin
fibers with axonal atrophy, loose myelin sheath (*), and myelin with infoldings into to the axoplasm (arrow). Panel e shows that sciatic nerve from
MSC-treated neuropathic mice presented myelin fibers of various calibers with normal morphology. Scale bar = 40 μm. Electron microscopy of
sciatic nerve cross-sections from non-diabetic mice (panel b, control group), diabetic mice treated with saline (panel d), and diabetic mice treated
with MSC (1 × 106, panel f). Analysis of ultrastructural aspects of the sciatic nerve shows in b myelin fibers with varying sizes and proportional
myelin sheath, including numerous unmyelinated fibers; in d few unmyelinated fibers (arrowhead) and the presence of atrophic axons with loose
myelin sheath (*); and in f myelinated fibers with myelin sheath of varying diameters and a large amount of unmyelinated fibers (arrowhead).
Scale bar = 2 μm. Panels g and h show the percentage of abnormal myelinic fibers and fibers with myelin infoldings, respectively. Data are
expressed as means ± SEM; n = 3 mice per group. *Statistically significant as compared to the control group (p < 0.05). #Statistically significant as
compared to the STZ + saline group (p < 0.05). One-way ANOVA followed by Tukey’s multiple comparison test

Fig. 3 Effects of MSC on the morphometry of sciatic nerve myelinic fibers from mice with diabetic neuropathy. Morphometric analyses of sciatic
nerve from non-diabetic mice (control group), diabetic mice treated with saline (STZ + saline), and diabetic mice treated with MSC (1 × 106; STZ +
MSC), performed 12 weeks after neuropathy induction. Graphs show a myelinated fibers number, b mean axon diameter, c fiber diameter, d
thickness of myelin sheath, and e G-ratio (ratio axon/nerve fiber diameter). Data are expressed as means ± SEM; n = 3 mice per group. *Statistical
significance compared to control group (p < 0.05). #Statistical significance compared to STZ + saline group (p < 0.05). One-way ANOVA followed by
Tukey post-test
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Fig. 4 Effects of MSC on morphology and morphometry of C fibers of the sciatic nerve from mice with diabetic neuropathy. Electron microscopy
of sciatic nerve cross-sections from non-diabetic mice (panel a, control), diabetic mice treated with saline (panel b, STZ + saline), and diabetic
mice treated with MSC (1 × 106 panel c; STZ +MSC), performed 12 weeks after neuropathy induction. Scale bar = 0.5 μm. Ultrastructural analysis of
the sciatic nerve showed the effects of MSC treatment on the area (panel d and density (panel e) of the fiber C of the sciatic nerve of mice with
diabetic peripheral neuropathy. Data are expressed as means ± SEM; n = 3 mice per group. *Statistical significance compared to control group (p
< 0.05). #Statistical significance compared to STZ + saline group (p < 0.05). One-way ANOVA followed by Tukey post-test

Fig. 5 MSC transplantation reduce glial cell expression in the dorsal horn of the spinal cord of neuropathic mice. Eight weeks after the treatment with
MSC (1 × 106; STZ +MSC) or saline (STZ + saline), glial cell expression in the spinal cord of neuropathic mice was evaluated. Control non-diabetic group
received saline instead of streptozotocin. Representative photomicrographs of histological sections of the mouse spinal cord immunolabeled with
GFAP (a–c) or Iba1 (e–g). Images are at 200×. Insets demonstrate representative photomicrographs of GFAP or Iba1 positive cells under magnification
of 400×. Scale bar = 50 μm. Panels d and h show the quantitative analysis of the percentage area GFAP and Iba1 positive in the spinal dorsal horn,
respectively. Data are expressed as means ± SEM; n = 3 mice per group. *Statistical significance compared to the remaining groups (p < 0.05). One-way
ANOVA followed by Tukey post-test
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sensory neuropathy. Considering that a single MSC
transplantation resulted in the complete reversion of
sensorial dysfunction in diabetic mice, a possible
modulatory action of MSC on glial cell expression
during neuropathy was next evaluated. To assess
microglia and astrocyte expression in the spinal
cord, immunostaining for Iba1 and GFAP was per-
formed, and representative photomicrographs of
histological sections of the spinal cord of mice are
shown in Fig. 5. Saline-treated diabetic mice showed
higher immunoreactivity for Iba1 and GFAP com-
pared to the non-diabetic control group (p < 0.05).
Treatment of diabetic mice with MSC significantly
reduced the spinal immunoreactivity for Iba1 and
GFAP, when compared to untreated diabetic mice.

MSC treatment reduces oxidative/nitrosative stress
biomarkers in the spinal cord of diabetic mice
RT-qPCR analysis for selected key molecules
showed an antioxidant profile in the spinal cord of
mice with diabetic neuropathy. Diabetic mice pre-
sented higher values of catalase (Fig. 6a), super-
oxide dismutase (Fig. 6b), glutathione peroxidase
(Fig. 6c), and Nrf2 (Fig. 6d) mRNA in the spinal
cord compared to non-diabetic mice (p < 0.01).
Eight weeks after transplantation, diabetic mice
treated with MSC showed reduced mRNA

expression of these antioxidant factors in the spinal
cord, compared to saline-treated diabetic mice.
Next, the effects of MSC on nitrosative stress and lipid

peroxidation were investigated by measuring the tissue
levels of nitrite and MDA in the spinal cord 8 weeks
after transplantation. Nitrite (Fig. 7a) and MDA (Fig. 7b)
levels, significantly elevated in the spinal cord of diabetic
mice when compared to the control non-diabetic group
(p < 0.05), were significantly reduced in MSC treated in
the spinal cord of diabetic mice.

A single transplantation of MSC modulates the pattern of
spinal cytokine production in diabetic mice
Next, a possible modulatory action of MSC on spinal
cytokine production during diabetic neuropathy was
evaluated. Levels of IL-1β, TNF-α, IL-10, and TGF-β
in the spinal cord (L5-L4) were evaluated before, 2
and 8 weeks after treatments (Fig. 8). ELISA analysis
demonstrated that saline-treated diabetic mice exhib-
ited upregulation of IL-1β (Fig. 8a) and TNF-α
(Fig. 8b) in the spinal cord, relative to non-diabetic
control mice (p < 0.001). Diabetic mice also presented
reduction of the spinal cord TGF-β (Fig. 8d), but not
IL-10 (Fig. 8c), levels. The levels of IL-1β and TNF-α
were reduced, while IL-10 and TGF-β were enhanced,
in the spinal cord of neuropathic mice treated with
MSC (p < 0.05).

Fig. 6 Effect of MSC on the antioxidant profile in the spinal cord of mice with diabetic neuropathy. Four weeks after the neuropathy induction,
mice were treated with MSC (1 × 106; STZ +MSC) or saline (STZ + saline) by endovenous route. Control non-diabetic group received saline instead
of streptozotocin. The spinal levels of mRNA were measured by RT-qPCR 8 weeks after treatment. Panels show the spinal levels of catalase mRNA
(a), superoxide dismutase mRNA (b), glutathione peroxidase mRNA (c), and Nrf2 mRNA (d). Data are expressed as means ± SEM; n = 6 mice per
group. *Statistical significance compared to the remaining groups (p < 0.001). One-way ANOVA followed by Tukey’s multiple comparison test
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MSC transplantation reduces galactin-3 expression in the
dorsal horn of the spinal cord of neuropathic mice
The expression profile of galectin-3 in the spinal cord of dia-
betic mice was investigated by immunofluorescence, 8 weeks
after the treatment with MSC (1 × 106; STZ+MSC) or saline
(STZ+ saline). Control non-diabetic group received saline in-
stead of streptozotocin. Figure 9 shows representative images
of the co-labeling for galectin-3 and Iba-1 (A-F), and
galectin-3 and GFAP (G-I). Spinal cord sections of
saline-treated diabetic mice showed higher immunoreactivity
for galectin-3 in the dorsal horn, compared to the
non-diabetic control group (p < 0.05; panel j). The treatment

of diabetic mice with MSC completely reversed the increased
spinal immunoreactivity for galectin-3. The co-labeling stud-
ies demonstrated the presence of some galectin-3+ microglial
cells (Iba-1 positive cells) in saline-treated diabetic mice. Cells
positive for galectin-3 and GFAP, a marker of activated astro-
cyte, were not observed.

Transplanted MSC tracking
RT-qPCR analysis for GFP identified the location of trans-
planted MSC in neuropathic mice 24 h, 1 and 3 weeks after
transplantation. Samples of the lung, spleen, sciatic nerve,
dorsal root ganglion, and spinal cord were analyzed.

Fig. 7 MSC reduces nitrite and MDA levels in the spinal cord of mice with diabetic neuropathy. Four weeks after neuropathy induction, mice
were treated with MSC (1 × 106; STZ +MSC) or saline (STZ + saline) by endovenous route. Control non-diabetic group received saline instead of
streptozotocin. The spinal levels of nitrite (a) and MDA (b) were measured 8 weeks after treatments. Data are expressed as means ± SEM; n = 6 mice
per group. *Statistical significance compared to the remaining groups (p < 0.05). One-way ANOVA followed by Tukey’s multiple comparison test

Fig. 8 MSC transplantation modulates cytokine expression in the spinal cord of mice with diabetic neuropathy. Four weeks after the neuropathy
induction, mice were treated with MSC (1 × 106; STZ +MSC) or saline (STZ + saline) via endovenous route. Control group received saline instead of
streptozotocin. Spinal cytokine levels were evaluated before, 2 and 8 weeks after treatments. Panels show the spinal levels of a interleukin-1β (IL-1β), b
tumor necrosis factor-α (TNF-α), c interleukin-10 (IL-10), and d transforming growth factor-β (TGF-β). The results are expressed as picograms of cytokine
per milligram of protein. Data are expressed as means ± SEM; n = 6 mice per group. *Statistically significant as compared to the control group
(p < 0.001). #Statistical significance in relation to the STZ + saline group (p < 0.05). One-way ANOVA followed by Tukey’s multiple comparison test
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Although GFP expression was detected at low levels in all
tissues evaluated, it was significantly higher in the spleen
and lung samples (Fig. 10). Twenty-four hours after MSC
treatment, GFP mRNA levels were increased in spleen sam-
ples (p < 0.05), whereas in the 1-week timepoint showed an
increased in the lung sample (p < 0.05). Three weeks after
transplantation, the level of GFP expression was less in the
tissues evaluated.

Conditioned medium from MSC reduces the sensorial
dysfunction in diabetic neuropathic mice
In order to corroborate the hypothesis that the
MSC-induced beneficial effects on neuropathic pain

correlate with paracrine actions, the effects of CM-MSC
on diabetic sensory neuropathy were evaluated.
Neuropathic mice were treated with CM-MSC or ve-
hicle 4 weeks after the induction of diabetes, when
the sensorial neuropathy was fully established. Two
weeks after administration, CM-MSC-treated neuro-
pathic mice showed complete reversion of mechanical
allodynia, and this antinociceptive effect was main-
tained throughout the experimental period (Fig. 11a;
p < 0.001). CM-MSC treatment reverted the heat
hypoalgesia of neuropathic mice from 1 week after
administration until the completion of the evaluation
period (Fig. 11b; p < 0.001).

Fig. 9 MSC transplantation reduces galectin-3 expression in the dorsal horn of the spinal cord of neuropathic mice. Eight weeks after the treatment
with MSC (1 × 106; STZ +MSC) or saline (STZ + saline), the galectin-3 (Gal-3) expression in the spinal cord of neuropathic mice was evaluated. Control
non-diabetic group received saline instead of streptozotocin. Representative photomicrographs of spinal cord sections co-stained with Gal-3 and GFAP
(a–c) or Gal-3 and Iba-1 (d–f) (200×). Insets (400×) evidenced the presence of co-staining for Gal-3 and Iba1 (e) in saline-treated diabetic mice and the
absence of Gal-3 and GFAP co-stained cells (a–c). Scale bar = 50 μm. Panel g shows the quantitative analysis of the percentage area Gal-3 positive in
the spinal dorsal horn. Data are expressed as means ± SEM; n = 3 mice per group. *Statistically significant as compared to the control group (p < 0.05).
#Statistically significant as compared to the STZ + saline group (p < 0.05). One-way ANOVA followed by Tukey’s multiple comparison test

Fig. 10 Transplanted MSC tracking. The levels of GFP mRNA were measured by RT-qPCR 24 h, 1 and 3 weeks after MSC treatment. MSC were
obtained from GFP transgenic C57Bl/6 mice. Bars show GFP mRNA expression on the dorsal root ganglion (DRG), sciatic nerve, spinal cord,
spleen, and lung of transplanted neuropathic mice. Data are expressed as means ± SEM; n = 5 per group for each timepoint. *Statistical
significance compared to the remaining groups at the same timepoint (p < 0.005). #Statistical significance compared to the DRG, sciatic nerve,
and spinal cord groups at the same timepoint (p < 0.005). One-way ANOVA followed by Tukey’s multiple comparison test
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Discussion
Diabetic neuropathy is associated with sensory symp-
toms, such as pain and enhanced/diminished sensation,
for which there is no effective therapy, ultimately leading
to considerably reducing the patient’s quality of life. The
present study demonstrated that a single MSC adminis-
tration was able to reverse the sensory diabetic neur-
opathy through modulation of crucial events during
neuropathy maintenance, in both the peripheral and
central nervous systems, highlighting the cell therapy
potential for the neuropathy treatment. In addition to
the previously described effects of MSC on peripheral
nerves, the present study described the modulatory ef-
fect of MSC in the local microenvironment of the dia-
betic mouse spinal cord.

The development of sensory neuropathy was con-
firmed by using established behavioral assays, which de-
tected the characteristic mechanical allodynia and heat
hypoalgesia observed in diabetic neuropathy in mice
[19]. About 40% of individuals with DN manifest mech-
anical allodynia [39], progressing to a loss of sensory
perception in the late disease stages, which is closely re-
lated to cases of limb ulceration and amputation [40]. In
the present study, mechanical allodynia was completely
present in mice, 4 weeks after STZ administration, and
progressed to loss of tactile sensitivity 12 weeks after
STZ, indicating a strong equivalence between the model
and the clinical manifestation. The MSC transplantation
completely reverted the signs of sensory-induced neur-
opathy in the STZ-diabetic mouse model. In fact, behav-
ior sensory neuropathy improvements in diabetic mice
with MSC treatments have previously been demon-
strated [9, 19, 14]. Recent evidence indicate that MSC
may act as biologic “pumps” by releasing analgesic mole-
cules responsible to mediate the therapeutic effects of
these cells in neuropathic pain [41]. On the other hand,
in the present study, the reversal of sensory neuropathy
following a single injection of MSC was maintained
throughout the evaluation period, an effect that is not
attained by analgesic substances. This effect profile sug-
gests that a reparative action, more than just an anal-
gesic effect, may result after MSC treatment. This view
is supported by literature data showing that MSC treat-
ment induces angiogenesis, neurotrophic effects, and
restoration of myelination in peripheral nerves of dia-
betic animals [9, 11–13]. Further ultrastructural analyses
of myelinated and unmyelinated fibers of the sciatic
nerve, presented here, support this hypothesis. Morpho-
logical and morphometric analysis of the sciatic nerve
showed significant differences between sensory fibers of
diabetic and non-diabetic mice, such as the presence of
degenerative changes in axons, morphological alterations
in the myelin sheath, and lower unmyelinated C fiber
area and density. In MSC-treated diabetic mice, all these
morphologic alterations, considered to be hallmarks of
DN, were markedly reduced, indicating that the cell
therapy restored sensory fiber structures in diabetic
nerves. The present data are consistent with the recent
study of Han and co-workers, showing that MSC re-
stores the ultrastructure of myelinated fibers in diabetic
nerve, while giving the first evidence of the restorative
action of MSC on unmyelinated C fibers [13]. Morpho-
logical and functional alterations of both Aδ and C noci-
ceptive fibers present in peripheral nerves have been
proposed to explain the changes in sensitivity and pain
during diabetic neuropathy. Maintaining hyperglycemia
for prolonged periods leads to sensory nerve damage,
thus modifying the underlying neural transmission pat-
tern, resulting in the loss or gain of sensitivity to painful

Fig. 11 Effect of CM-MSC on pain-like behaviors of mice with diabetic
neuropathy. a Mechanical nociceptive thresholds: ordinates represent
the filament weight (g) in which the animal responds in 50% of
presentations. b Thermal nociceptive threshold: the axis of ordinates
represents the time (seconds) the animal takes to withdraw its paw. The
nociceptive thresholds were assessed in the paw of each mouse before
(b) and after the model induction with streptozotocin (STZ; week 0).
Control group represents mice without diabetic neuropathy, in which
saline was administered instead of streptozotocin. Four weeks after
induction, mice were treated via endovenous route with conditioned
medium from MSC cultures (STZ + CM-MSC; 100 μL) or vehicle (STZ +
vehicle; 100 μL). Data are expressed as means ± SEM; n= 6 mice per
group. *Statistical significance relative to the control group (p< 0.001).
#Statistical significance relative to the STZ + vehicle group (p< 0.001), as
determined by two-way ANOVA followed by Bonferroni post-test
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stimuli [42, 43]. A relationship between reduced number
of sensory fibers in peripheral nerves and thermal/mech-
anical hyposensitivity in diabetic mice was proposed by
Lennertz and colleagues [44] and reinforced here. There-
fore, it is possible that the long-lasting effect of MSC re-
versing behavioral sensory neuropathy stems from the
reestablishment of ultrastructures within peripheral dia-
betic nerves. On the other hand, the mechanisms by
which MSC reduce morphological alterations of noci-
ceptive fibers of the peripheral nerves during neuropathy
are not fully comprehended. It has been proposed that
MSC promote the repair of peripheral nerves in diabetic
animals through paracrine actions of neurotrophic and
angiogenic factors, such as vascular endothelial growth
factor (VEGF), nerve growth factor (NGF), and hepato-
cyte growth factor (HGF), secreted by these cells [9, 11–
13]. However, the contribution of these growth factors
to MSC-induced reparative action on peripheral nerve
during diabetic neuropathy still needs to be further
investigated.
The mechanisms underlying DN maintenance involve

multiple biochemical and cellular alterations in the cen-
tral nervous system, which may be a contributory factor
in the refractory nature of the diabetic neuropathy.
Hyperglycemia disturbs spinal cord homeostasis, while
high glucose concentrations are responsible for inducing
metabolic and enzymatic abnormalities, and disrupts the
functions of cell mitochondria inducing the overproduc-
tion of reactive oxygen/nitrogen species (ROS/RNS) and
oxidative stress [22, 45–48]. In addition, hyperglycemia
and the subsequent formation of ROS/RNS induce the
activation of spinal microglia [22], triggering spinal neu-
roinflammatory cascades that have been considered a
pivotal event of sensory neuropathy [23, 47, 49]. In line
with this idea, the present study demonstrated that
GFAP and Iba-1, markers of activated astrocyte and acti-
vated microglia, respectively, were highly expressed in
the dorsal horn of the spinal cord in diabetic mice. Im-
portantly, MSC transplantation significantly reduced the
staining for GFAP and Iba-1, indicating a suppression of
the spinal activation of astrocytes and microglia by
MSC. Although the inhibitory effect of mesenchymal
cells on spinal glial cell activation has been previously
demonstrated in experimental neuropathic pain associ-
ated with spinal cord injury [50] and spinal nerve
ligation [49], the results from our study are the first
demonstration of this phenomenon in diabetic
neuropathy.
Considering the contribution of oxidative stress to the

glial cell activation, the redox homeostasis in the spinal
cord was also investigated. Nitrosative stress and lipid per-
oxidation, indicated by high levels of nitrite and MDA in
the spinal cord, were evidenced in diabetic mice. The high
production of ROS/RNS is controlled by the activation of

cell antioxidant defense system, which includes a range of
antioxidant enzymes [51]. In fact, qRT-PCR data showed
upregulation of catalase, superoxide dismutase, glutathi-
one peroxidase, and Nrf2 mRNA, indicating the presence
of oxidative stress in the spinal cord microenvironment of
diabetic mice. Importantly, MSC treatment reduced both
the ROS/RNS levels and the activation of the antioxidant
defense system in the spinal cord of diabetic mice, sug-
gesting that a single MSC administration is able to pro-
mote the reestablishment of redox homeostasis in the
spinal cord. The antioxidant properties of stem cells have
been previously described by in vitro [52–54] and in vivo
[55, 56] studies. In line with the present data, MSC were
found to influence the spinal redox context in models of
traumatic spinal cord injury [56] and amyotrophic lateral
sclerosis [57].
There is emerging evidence for the causal role of oxi-

dative stress underlying activation of glial cells in dia-
betic neuropathy [58]. During neuropathic states, glial
cells in the spinal cord are activated, accompanied by a
wide cascade release of neuroactive molecules and
pro-inflammatory cytokines, such as IL-1β and TNF-α,
which have been directly implicated in the excitability
pattern change of spinal neurons and sensory neur-
opathy [22, 47, 59]. In line with this concept, in the
present study, diabetic mice presented enhanced levels
of IL-1β and TNF-α in the spinal cord, while MSC treat-
ment inhibited this upregulation, in parallel with its ef-
fects on behavioral sensory neuropathy. The modulatory
action of MSC on cytokine expression in peripheral tis-
sues of diabetic rodents has been previously demon-
strated [12, 19]. In addition, MSC administration
enhanced the levels of the anti-inflammatory cytokines
IL-10 and TGF-β in the spinal cord of neuropathic mice.
IL-10 and TGF-β induce therapeutic effects in neuro-
pathic conditions [8, 60, 61], and their role to the anti-
nociception induced by stem cells in neuropathic pain
has been proposed [49, 62].
Galectin-3 is a member of the lectin family that binds

β-galactosides, which plays a major role in mechanisms
of inflammation [63–66]. Since galectin-3 is involved in
oxidative stress [67–69] and neuroinflammation in the
spinal cord [70, 71], the spinal expression of this lectin
was evaluated in diabetic mice. Immunofluorescence
analyses showed that galectin-3 was overexpressed in
the superficial dorsal horn of the spinal cord of diabetic
mice, and this phenomenon was reversed by MSC trans-
plantation. These data highlight the broad inhibitory ef-
fect induced by mesenchymal cells in the spinal
neuroinflammatory response, triggered by hypergly-
cemia/diabetes.
It has been proposed that the therapeutic effects of

MSC during neuropathic conditions are related to the
paracrine action of these cells [7, 9, 26]. Data from the
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present work corroborate this hypothesis. By detecting
levels of GFP mRNA in different tissues of neuropathic
mice, it was possible to demonstrate that some trans-
planted MSC were localized in the lung and spleen, with
minimal retention in the sciatic nerve, dorsal root gan-
glion, and spinal cord. This result indicates that the
MSC-induced beneficial effects during diabetic neur-
opathy are independent of the presence of significant
amount of the transplanted cells at the lesion site. In
addition, a single systemic administration of the condi-
tioned medium from MSC culture induced long-lasting
antinociceptive effect in neuropathic mice. Interestingly,
the profile and magnitude of the CM-MSC-induced bene-
ficial effects on sensory neuropathy were similar to those
induced by MSC transplantation. In fact, the remarkable
therapeutic potential of CM-MSC has been consistently
demonstrated in several experimental models, including
in nervous system disorders and painful conditions [26,
72–75]. These results corroborate the hypothesis that
paracrine action of MSC is important to the therapeutic
effects of these cells during diabetic neuropathy. Never-
theless, the complex mechanisms by which MSC reduce
sensory neuropathy, probably involving a broad spectrum
of soluble factors and extracellular vesicles secreted by
MSC, need to be further investigated.

Conclusions
Taken together, our data indicate that, in addition to the
beneficial actions of MSC in the peripheral nervous sys-
tem, blocking the spinal neuroinflammatory cascade is a
possible mechanism by which mesenchymal stem cells
reduce the signs of sensorial diabetic neuropathy.
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