
Contents lists available at ScienceDirect

Life Sciences

journal homepage: www.elsevier.com/locate/lifescie

Insulin-producing cells from mesenchymal stromal cells: Protection against
cognitive impairment in diabetic rats depends upon implant site

Krista Minéia Wartchowa, Leticia Rodriguesa, Lílian Juliana Lissnera, Barbara Carolina Federhena,
Nicholas Guerini Selistrea, Aline Moreiraa, Carlos-Alberto Gonçalvesa,⁎, Patrícia Sesterheimb

a Federal University of Rio Grande do Sul (UFRGS), Biochemistry Post-Graduate Program, Porto Alegre, Brazil
b Institute of Cardiology of Rio Grande do Sul, Experimental Center, Porto Alegre, Brazil

A R T I C L E I N F O

Keywords:
Diabetes mellitus
Hippocampus
Insulin-producing cells
MSCs
Subcutaneous implant
Cognitive impairment

A B S T R A C T

Diabetes mellitus (DM) is a serious public health problem and can cause long-term damage to the brain, resulting
in cognitive impairment in these patients. Insulin therapy for type 1 DM (DM1) can achieve overall blood glucose
control, but glycemic variations can occur during injection intervals, which may contribute to some complica-
tions. Among the additional therapies available for DM1 treatment is the implantation of insulin-producing cells
(IPCs) to attenuate hyperglycemia and even reverse diabetes. Here, we studied the strategy of implanting IPCs
obtained from mesenchymal stromal cells (MSCs) from adipose tissue, comparing two different IPC implant sites,
subcapsular renal (SR) and subcutaneous (SC), to investigate their putative protection against hippocampal
damage, induced by STZ, in a rat DM1 model. Both implants improved hyperglycemia and reduced the serum
content of advanced-glycated end products in diabetic rats, but serum insulin was not observed in the SC group.
The SC-implanted group demonstrated ameliorated cognitive impairment (evaluated by novel object recogni-
tion) and modulation of hippocampal astroglial reactivity (evaluated by S100B and GFAP). Using GFP+ cell
implants, the survival of cells at the implant sites was confirmed, as well as their migration to the pancreas and
hippocampus. The presence of undifferentiated MSCs in our IPC preparation may explain the peripheral re-
duction in AGEs and subsequent cognitive impairment recovery, mediated by autophagic depuration and im-
munomodulation at the hippocampus, respectively. Together, these data reinforce the importance of MSCs for
use in neuroprotective strategies, and highlight the logistic importance of the subcutaneous route for their ad-
ministration.

1. Introduction

Diabetes mellitus (DM) is a serious and growing public health pro-
blem, affecting around 30 million people of all ages. According to the
American Diabetes Association, type 1 diabetes (DM1) accounts for 5 to
10% of the total diabetic population [19]. DM1 is a metabolic disorder,
characterized by hyperglycemia caused by T cells infiltrated in the
Langerhans islets, resulting in destruction of the pancreatic β-cells [6]
and consequent loss of the production and secretion of insulin [9]. In
Brazil, almost 90% of DM1 patients fail to achieve glycemic control
[13].

In addition to the well-known peripheral complications resulting
from DM, several studies report that the disease can also affect the
central nervous system (CNS), incurring complications such as diabetic
encephalopathy, and increasing the probability of cognitive decline and

the acceleration of Alzheimer's disease (AD), among other dementias
[4,31,37,88]. Experimental data in animal models of DM1, induced by
streptozotocin (STZ), suggest that learning deficits resulting from DM
are associated with impairments in synaptic plasticity in the hippo-
campus [49,84]. Through this model, a series of studies has demon-
strated evidence of brain damage, including astrocyte reactivity
[30,49], neuronal damage and memory deficits [46], and even de-
position of β-amyloid peptide, in these rats [83].

Potential definitive treatment strategies for DM1, which intend to
correct insulin dependence, include pancreas transplantation, pan-
creatic islet transplantation and, more recently, autoimmunity blockade
and stem cell-based therapy [1,75]. Mesenchymal stromal cells (MSCs)
can be obtained from various tissues for differentiation into insulin-
producing cells (IPCs) [34,61,69,72,77]. The adipose tissue offers dis-
tinct advantages due to its availability and significant therapeutic
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potential, characterized by its intrinsic regenerative capacity and its
immunomodulatory properties [11,67]. The rate of adipose stromal cell
(ADSC) isolation is 100% and the yield of adipose tissue is 40 times
higher than that of bone marrow [35]. Therefore, in addition to being
easily obtained, the adipose tissue is a rich source of stromal cells that
can be successfully used in autologous transplants [45].

For regenerative application, the route for cell implantation is very
important for the prediction of homing. Numerous sites have been
proposed and tested, both experimentally and in some cases clinically,
including the liver, the subcapsular region of the kidney, spleen, pan-
creas, omentum, gastrointestinal wall and subcutaneous spaces [40,47].
For some time, the kidney capsule was used for experimental islet im-
plants [70]. This site offers many advantages, such as a highly vascu-
larized space that provides better survival and graft protection [20,68].
Another attractive option for the implant is the subcutaneous site,
which offers accessibility and retrievability, as well as the potential for
biopsy and simple monitoring [8]. Nevertheless, it is still unclear as to
what degree the implantation site influences the transplant outcome,
and few studies have compared whether the IPC implantation site in-
terferes in the cognitive deficit consequent to DM1.

Despite the successful transdifferentiation of ADSCs to IPCs, an ideal
site for IPC transplantation has yet to be determined. To evaluate this
issue, we investigated and compared the efficacy of IPC implants in the
renal subcapsular space and subcutaneous region of rats submitted to
the DM1 model induced by STZ. We looked at metabolic peripheral
changes, as well as CNS alterations, particularly in the hippocampus,
and observed cognitive behavior that is dependent on this brain region.

2. Material and methods

2.1. Animals

Eight-week-old male Wistar Kyoto rats (WKY) were used for me-
senchymal stromal cell isolation from adipose tissue. Cells were then
expanded and differentiated into insulin-producing cells (Institute of
Cardiology of Rio Grande do Sul, Experimental Cardiology Center,
Porto Alegre, Brazil). The animals were maintained in a constant 12-h
light/dark cycle, at a temperature of 24 ± 2 °C, and 50–60% relative
humidity, and were housed in groups of four in standard cages with ad
libitum access to drinking water and standard food pellets. All animal
procedures were performed according to guidelines of the National
Institutes of Health Guide for the Care and Use of Laboratory Animals,
and all protocols were approved by the Federal University of Rio
Grande do Sul Animal Care and Use Committee (process number
30626). For MSC/IPC tracking, we used Lewis rats and transgenic (tg)
Lewis rats ubiquitously expressing green fluorescent protein (GFP-tg
Lewis).

2.2. Chemicals

Streptozotocin (STZ), fetal bovine serum (FBS), Dulbecco's modified
Eagle medium (DMEM) and other materials for cell culture were pur-
chased from Gibco BRL (Carlbad, CA, USA). S100B protein, anti-S100B
antibody (SH-B1), o-phenylenediamine (OPD), anti-S100B antibody
(clone SH-B) and anti-synaptophysin were purchased from Santa Cruz
Biotechnology (Santa Cruz CA, USA). Anti-β-actin was from EMD
Millipore (Darmstadt, Germany). Other reagents were purchased from
local commercial suppliers (Sulquímica and Labsul, Porto Alegre,
Brazil).

2.3. Isolation and expansion of adipose-derived mesenchymal stromal cells
(ADSCs)

Epididymal fat was collected aseptically from WKY rats (or GFP-tg
Lewis) and minced into small pieces. The fragments were digested with
1.5 mg/mL of collagenase type I (Sigma) and diluted in DMEM without

serum for 20 min at 37 °C; 10% FBS with 0.1 mg/mL streptomycin and
100 U/mL penicillin in DMEM was then added for interruption of en-
zymatic activity. After centrifugation at 1500 rpm for 5 min, pellets
were resuspended in DMEM with 10% FBS in a wet chamber at 37 °C/
5% CO2 until cell confluence. The cells were detached using 0.05%
trypsin-EDTA solution. Cells were used at the fourth passage in all ex-
periments [78].

2.4. Characterization of ADSCs

For surface marker analysis of the isolated ADSCs, cells were in-
cubated with phycoerythrin-conjugated antibodies against murine
CD29, CD44, CD90, CD45, CD31, and MHC II for 30 min at 4 °C. The
cells were analyzed using a FACSAria III cytometer (Becton Dickinson,
San Jose, CA) equipped with a 488 nm argon laser, and graphs were
generated with WinMDI 9.2 software. The adipogenic and osteogenic
differentiation of the MSCs was performed according to previously
published protocols [66]. After 4% paraformaldehyde fixation, the
calcium deposition and lipid droplets were stained with Alizarin Red S
and Oil Red O solution, respectively.

2.5. Differentiation of mesenchymal stromal cells into insulin-producing
cells (IPCs)

Cells used (in passage 4, P4) were cultured in triplicate in a 6-well
plate (TPP) and had a confluence of> 80% (~4 × 105 cells/mL). Cells
were incubated in a humidified atmosphere at 37 °C and 5% CO2.
Control cells were cultured with serum-free DMEM. To obtain IPCs
(previously described by [78]), cells were maintained for 3 days in
serum-free DMEM-F12 with 1% penicillin/streptomycin, supplemented
with 10 nM nicotinamide (Sigma), 10 ng/mL activin-A (Sigma) and
10 nM exendin-4 (Sigma, St. Louis, MO).

2.6. Evaluation of glucose-stimulated insulin secretion

Insulin secretion into in the cell culture supernatant was measured
by colorimetric assay (Labtest Diagnostica Kits), as indicated by the
manufacturer, and employing the Labmax 240 equipment (Labtest
Diagnóstica, Minas Gerais, Brazil). Briefly, the IPCs were incubated for
1 h, twice. Cells were washed carefully three times with DPBS and then
incubated with DMEM without glucose and DMEM F12 (17.5 mM
glucose), respectively. The two steps each lasted 1 h and cell super-
natants were collected at the end for evaluation of insulin secretion.
Medium insulin was measured again, two weeks later, in the absence of
the differentiation inductors to confirm the maintenance of insulin se-
cretion potential.

2.7. DM1 model and surgical procedure for IPC implantation

The DM1 model was induced by intraperitoneal (IP) injection of
streptozotocin (STZ) (60 mg/kg in citrate buffer, pH 4.5). Animals with
a glycemia of> 250 mg/dL were considered diabetic. A schematic re-
presentation of the experimental protocol is shown in Fig. 2 A. WKY rats
were used to analyze the stromal and immunomodulatory effects of
ADSCs and the effectiveness of cell treatment, using ADSCs differ-
entiated into IPCs for the prevention of cognitive damage by untreated
diabetes. The groups (8 male WKY rats per group) were divided into:
Group I (Sham group): Animals injected with vehicle via IP injection
and submitted to all surgical steps except transplantation. Group II,
Group III and Group IV: Rats injected once with STZ (60 mg/kg body
weight) via IP injection. Group II (diabetic group - STZ): Animals sub-
mitted to all surgical steps except transplantation. Group III (SCR
-IPCs): Animals received IPCs transplanted into the subcapsular renal
space (4 × 106 cells/rat) at 1 week after DM1 induction. Group IV (SC-
IPCs): Animals received IPCs transplanted into the subcutaneous space
(4 × 106 cells/rat), at 1 week after DM1 induction. Briefly, on the day
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of the surgery, all animals were anesthetized with ketamine/xylazine
(75 and 10 mg/kg, respectively, i.p.).

Surgical procedure for Subcapsular renal implantation: After tri-
chotomy of the left inferior dorsolateral region, the kidney was exposed
through a 1.5 cm incision and, with the aid of straight thin forceps,
4 × 106 cells were implanted under the renal capsule. After suturing
the two planes with 7.0 suture wire the animal was placed on a heating
plate and monitored until it presented reactions to external stimuli.

Surgical procedure for subcutaneous implantation: A longitudinal
incision (0.5 cm) was made in the dorsal of the rat, the skin was se-
parated from the underlying muscle with forceps and 4 × 106 cells
were implanted in this subcutaneous space.

Similarly, following the same procedure and at the same sites, IPCs
from adipose-derived mesenchymal stromal cells of green fluorescent
protein (GFP-tg Lewis) rats were transplanted into Lewis rats subjected
to diabetes mellitus (induced by STZ) for tracking the cells.

2.8. Glycemia control

Weekly blood glucose measurements were performed with a blood
glucose monitor (Accu-Chek Advantage II-Roche) on 20-μL blood
samples, collected by pricking the distal portion of animals' tails with an
insulin needle.

2.9. Peptide C release

Measurement of peptide C content was performed using commercial
rat/mouse ELISAs (Millipore), according to the manufacturer's in-
structions.

2.10. AGE measurement

AGEs were measured in the serum by ELISA, as previously described
by Ikeda et al. [29] with some modifications. Briefly, the wells of a
microtiter plate were coated overnight with 0.1 μg protein in 0.1 mL of
50 mM carbonate bicarbonate buffer (pH 9.6). The wells were washed
with washing buffer (PBS containing 0.05% Tween 20) and then in-
cubated for 3 h with 2% albumin. Subsequently, wells were washed
again and incubated with 100 μL of anti-AGE (6D12) for 1 h. After
washing, wells were incubated with 100 μL peroxidase-conjugated
secondary antibody for 1 h. The reactivity of peroxidase was de-
termined by incubation with OPD for 30 min. The reaction was stopped
by the addition of 50 μL sulfuric acid (3 M). Absorbance measurements
were taken at 492 nm. Results were calculated and expressed as a
percentage of the control.

2.11. Novel recognition test (NOR)

The novel recognition test (NOR) is a task comprised of three
phases; habituation, training and test performed in an open field ap-
paratus (50 cm side). To habituate the animals, rats were placed in the
lateral of the apparatus and allowed to freely explore the open-field
arena in the absence of objects during 10 min. Twenty-four hours after
the habituation phase, the animals underwent a training phase, where
the rat was returned to the apparatus, which contained two identical
sample objects (A + A). One hour and 24 h after the training phase, the
rats were returned to the apparatus to test short-term (STM) or long-
term (LTM) memory, respectively. In the test session, the rat was re-
turned to the open-field arena, which contained two objects; one object
was identical to that of the training session and the other object was
novel (A + B). For LTM, the object ‘B’ was replaced by a third one ‘C’,
and the ‘A’ object was maintained the same. The recognition index in
each session was calculated as follows: time exploring the novel object/
time exploring both objects. Exploration was defined as sniffing or
touching the object with the nose and/or forepaws. The apparatus and
the objects were thoroughly cleaned with 70% ethanol between the

trials to ensure the absence of olfactory cues [7].

2.12. ELISA for S100B and GFAP

Hippocampal S100B content was measured by ELISA [42]. Briefly,
50 μL of sample plus 50 μL of Tris buffer were incubated for 2 h on a
microtiter plate previously coated with monoclonal anti-S100B (SH-
B1). Polyclonal anti-S100B was incubated for 30 min and then perox-
idase-conjugated anti-rabbit antibody was added for a further 30 min. A
colorimetric reaction with o-phenylenediamine was measured at
492 nm. The standard S100B curve ranged from 0.020 to 10 ng/mL.
The ELISA for hippocampal GFAP [73] was carried out by coating the
microtiter plate with 100 μL samples containing 30 μg of protein for
24 h at 4 °C. Incubation with a rabbit polyclonal anti-GFAP for 2 h was
followed by incubation with a secondary antibody conjugated with
peroxidase for 1 h, at room temperature; the standard GFAP curve
ranged from 0.1 to 10 ng/mL.

2.13. Western blot analysis for synaptophysin

Proteins in the samples were homogenized in sample buffer
(62.5 mM Tris–HCl, pH 6.8, 10% (v/v) glycerol, 2% (w/v) SDS, 5% (w/
v) β-mercaptoethanol and 0.002% bromphenol blue) and separated by
SDS-PAGE on 12% (w/v) acrylamide gel before electro transferring
onto nitrocellulose membranes. The membranes were blocked with 2%
chicken egg in tris-buffered saline with Tween 20 (TTBS) (20 mmol/L
Tris–HCl, pH 7.5, 137 mmol/L NaCl, 0.05% (v/v) Tween 20) and then
incubated overnight (4 °C). Subsequently, the membranes were in-
cubated overnight with the appropriate primary antibodies: anti-sy-
naptophysin (diluted 1:5000 in TTBS and 1% bovine standard albumin;
BSA). Next, the membranes were incubated for 1 h at room temperature
with secondary antibody, horseradish peroxidase (HRP)-conjugated
anti-mouse IgG (1:10,000, Dako). Actin (Millipore; Darmstadt,
Germany) was used as a loading control. Chemiluminescent bands were
detected using Image Quant LAS4000 GE Healthcare, and densitometric
analyses were performed using Image-J software. Results are expressed
as percentages of the control.

2.14. Immunofluorescence

Rats were anesthetized using ketamine/xylazine and were perfused
through the left cardiac ventricle with 200 mL of saline solution, fol-
lowed by 200 mL of 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4. The tissues were removed and left for post-fixation in the same
fixative solution at 4 °C for 24 h. Subsequently, the material was
cryoprotected by immersing the brain in 30% and 15% sucrose in
phosphate buffer at 4 °C. The tissues were sectioned (40 μm) on a
cryostat (Leitz) and the slices were put on the sheets. Sections were
surrounded by a liquid blocker pen to help maintain the antibody so-
lutions in contact with the slices. The slices were covered with Fluor
save® and the images were captured using an Olympus confocal mi-
croscope [58].

2.15. Protein determination

Protein content was measured by Lowry's method with some mod-
ifications, using bovine serum albumin as the standard [55].

2.16. Statistical analysis

For blood glucose over time, parametric data from the experiments
are presented as mean ± standard error and statistically evaluated by
two-way analysis of variance, followed by the Tukey's test. Statistical
comparisons between different groups were tested by one-way ANOVA
followed by the Tukey's test. For the NOR test, data are presented as
means ± S.E.M. and statistically evaluated by Student's t-test. For the
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evaluation of glucose-stimulated insulin secretion, statistical compar-
isons between different groups were made using repeated measures
ANOVA followed by Tukey's test. Values of P < 0.05 were considered
significant. All analyses were performed using the Graphpad Prism
software version 6 (La Jolla, CA, USA).

3. Results

3.1. In vitro glucose-stimulated secretion of insulin in IPCs generated from
ADSCs

ADSCs were submitted to a short-term (3 days) differentiation
protocol to obtain insulin-producing cells (IPCs) containing nicotina-
mide/exendin-4/activing-A (inductors). Glucose-stimulated secretion
of insulin was evaluated immediately after differentiation and 14 days
afterwards; during this period they were maintained in culture, but in
the absence of inductors. The experimental scheme is shown in Fig. 1A.
Insulin secretion is compared with ADSCs cultured for the same time.
Glucose-stimulated insulin secretion was performed by replacing the
basal culture medium with medium containing 0 or 17.5 mM glucose.
Insulin secretion, measured by colorimetric assay, at 1 h after medium
replacement corresponds to the difference between the extracellular
content of insulin in the presence and absence of glucose. Insulin se-
cretion was clearly characterized, when compared with ADSCs (Fig. 1B,
p < 0.0001). IPCs were able to secrete insulin after 2 weeks when
stimulated by glucose, even when cultured in the absence of inductors
(Fig. 1C, p = 0.0323).

3.2. Alterations in blood glucose, insulin and AGEs in diabetic rats are
dependent on the via of IPC implantation

The diabetes mellitus model was induced by STZ and animals were
included in the diabetic group when they exhibited a blood glucose of
higher than 250 mg/dL (80% of animals). At one week after diabetes
induction, rats were implanted with IPCs, which were administered by
two different routes: subcapsular renal (SR) and subcutaneous (SC). The
experimental schedule is shown in Fig. 2A.

Blood glucose was measured at one day, one week and two weeks
after implantation to evaluate the effectiveness of IPCs for controlling

glycemia (Fig. 2B, p < 0.0001 and f (3,112) = 116.0). An increase in
blood glucose was observed on the second day after STZ administration
and in the following weeks in the STZ group. At one week after IPC
implantation, blood glucose was reduced independently of the via of
administration, although animals still presented high blood glucose
levels compared to sham animals. Furthermore, STZ-treated animals
demonstrated reduced body weight and this parameter was not altered
by IPC implantation (data not shown).

Additionally, to confirm in vivo insulin secretion, we evaluated
serum C-peptide in all experimental groups at two weeks after the
implants (Fig. 2C, p < 0.0001 and f (3.20) = 5.938). Elevated levels of
C-peptide were observed in STZ rats that received IPCs by the SR route,
while those that received the SC implant presented non-detectable
peptide C levels. In order to evaluate long-term glucose toxicity, we
determined serum AGE content and found an increase in AGE levels in
diabetic rats, as expected. However, the implantation of IPCs at both
implant sites (SR and SC) reversed this condition, returning levels to
those found in sham group (Fig. 2D, p = 0.0015 and f (3.20) = 7.484).

3.3. SC-implanted IPCs prevent cognitive impairment in diabetic rats

At three weeks after STZ-induced diabetes induction (or two weeks
after the IPC implant), rats were submitted to cognitive evaluation,
using the novel object recognition (NOR) test performed at 1 and 24 h
to evaluate cognitive performance (short- and long-term memory, re-
spectively). Results demonstrated that cognitive impairment was ob-
served by three weeks after STZ exposure, when compared to the sham
group, at both times evaluated. However, SR implantion of IPCs at one
week after STZ was unable to prevent the cognitive deficit observed in
diabetic rats, as evaluated by the NOR task at 1 h (Fig. 3A, p
sham = 0.0149; p STZ = 0.4209; p SR = 0.2348) and at 24 h (p
sham = 0.0020; p STZ = 0.5114; p SR = 0.3120). In contrast, inter-
estingly, the SC implantation of IPCs was able to prevent the cognitive
deficit found in diabetic rats, as evaluated by the NOR test at 1 h
(Fig. 3C, p sham= 0.0005; p STZ=0.3709; p SC = 0.0049) and at 24 h
(p sham = 0.0012; p STZ = 0.0838; p SC = 0.0207).

Fig. 1. In vitro glucose-stimulated secretion of insulin in
IPCs generated from ADSCs. ADSCs were submitted to
a short-term (3 days) differentiation protocol with
inductors (nicotinamide/exendin-4/activin-A) to
obtain insulin-producing cells (IPCs). A shows the
timeline of the experiment. Glucose-stimulated se-
cretion of insulin was evaluated immediately after
differentiation (in B) and 14 days afterwards (in C),
during this period they were maintained in culture,
but in the absence of inductors. The insulin secre-
tion, measured by colorimetric assay at 1 h after
medium replacement, corresponds to the difference
between the extracellular content of insulin in the
presence (17.5 mM) and absence of glucose. Insulin
secretion was significant (* Student t-test and
p < 0.05), when compared with ADSCs at both
times. Data are expressed as means ± SE of 6 in-
dependent experiments performed in triplicate.
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3.4. Hippocampal S100B content was reduced in diabetic rats and
prevented by IPC implantation

Synaptophysin (neuronal marker), GFAP and S100B (glial markers)
were investigated in the hippocampus. Synaptophysin content was not
altered at 3 weeks after STZ admiynistration or by IPC implantation in

either site (Fig. 4A, F(3.21) = 0.7500, p = 0.5345). However, changes in
glial markers were observed following procedures. Hippocampal GFAP
was not altered in rats with STZ-induced diabetes at 3 weeks, but IPC
implantation decreased GFAP, independently of implant via (Fig. 4B,
F(3.27) = 6.642, p = 0.009). On the other hand, S100B content was
decreased in diabetic rats, and IPC implantation at both sites prevented

Fig. 2. Effect of IPC implantation on blood glucose, insulin and AGEs in diabetic rats depends on the via of administration. IPCs were implanted into the subcapsular renal
(SR) or subcutaneous (SC) space in STZ diabetic Kyoto-Wistar rats. In A, timeline of the in vivo experiment. In B, blood glucose measurements before (−1 week) and
after (1 and 2 weeks) the IPC implant. Groups were compared each week, by ANOVA. In C, C-peptide serum content measured by ELISA in the third week after IPC
implantation. In D, serum AGE content, measured by ELISA, in the third week after IPC implantation. Data are expressed as means ± SE (8 rats in each group).
Letters indicate different statistical groups by ANOVA followed by Tukey's test, assuming p < 0.05.

Fig. 3. Implantation of IPCs via SC, but not
SR, prevented the cognitive impairment
observed in diabetic rats. The cognitive
performance of diabetic rats was de-
termined at three weeks after STZ, using the
NOR task at 1 h (for short-term memory)
and 24 h (for long-term memory). IPC im-
plantation was carried out in two different
sites: subcapsular renal (SR) or sub-
cutaneous (SC). In A, object recognition
index of rats with or without SR implant of
IPCs, 1 h after training trial. In B, object
recognition index of rats with or without SR
implant of IPCs, 24 h after training trial. In
C, object recognition index of rats with or
without SC implant of IPCs, 1 h after
training trial. In D, object recognition index
of rats with or without SC implant of IPCs,
24 h after training trial. * Statistically dif-
ferent from training trial (Student t-test, 8–9
rats/group, p < 0.05).
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this alteration; SR implantation partially inhibited the S100B decrease,
while SC implantation completely abolished this decrease (Fig. 4C, F
(3.27) = 3.937, p = 0.0188).

3.5. IPCs survive and maintain undifferentiated morphology after
implantation at both sites

Another set of experiments was performed using IPCs from GFP-

labelled Lewis rats. GFP+ IPCs were implanted in SR or SC sites and
rats were euthanized at 2 or 14 days after implantation. Histological
analysis showed that the preparation of IPCs remained morphologically
undifferentiated (i.e., they did not exhibit morphological characteristics
of adipocytes or osteocytes) two days after the implantation in both
sites. Panels A and B of Fig. 5 (magnified by 10 X and 40 X, respec-
tively) show representative images at 2 days after IPC implantation in
the SR site, and panels C and D show images at 2 days after im-
plantation in the SC site (also magnified by 10 X and 40 X, respec-
tively).

At fourteen days after implantation (Fig. 5 E-H), a decrease in GFP+
cell density in the graft was observed, as well as an apparent change in
the cellular population at both implantation sites (SR and SC), as in-
dicated by the presence of some differentiated adipocytes. Panels E and
F of Fig. 5 show representative images at 14 days after implantation in
the SR site (magnified by 10 X and 40 X, respectively) and panels G and
H show images at 14 days after implantation in the SC site (also mag-
nified by 10 X and 40 X, respectively).

3.6. GFP+ cells from IPC preparations migrate to the pancreas

We found GFP+ IPCs, implanted in both the SR and SC sites, in the
STZ-damaged pancreas (Fig. 6). Within two days after implantation,
there was a marked presence of GFP+ cells in pancreatic tissue, pos-
sibly attracted by signals of damaged tissue. However, when we com-
pared both implant sites, the number of GPF+ cells in the pancreas of
rats that received SC-implanted IPCs was more abundant than in the SR-
implanted rats (Fig. 6, panels D and B, respectively). Over the course of
two weeks, a greater fluorescence of GFP+ cells was still observed in
the pancreatic tissue from SC-implanted rats than in pancreatic tissue
from SR-implanted rats (Fig. 6, panels H and F, respectively). Inter-
estingly, GFP + cells from the SC implant were organized in clusters in
the pancreas than those placed in the SR 14 days after wards.

3.7. GFP+ cells from IPC preparations migrate to the hippocampus

Based on the cognitive improvement of diabetic rats, as evaluated
by the NOR task, we investigated the presence of GFP+ cells in the
hippocampus, in the CA1 and DG regions (Fig. 7). At two days after SR
(panels A and C, respectively) and SC (panels E and G, respectively)
implantations, it was possible to observe GFP+ cells around hippo-
campal vessels in the CA 1 and DG regions. However, at fourteen days
after SC implantation, the number of GFP+ cells increased in the CA1
(mainly) and DG regions (panels F and H, respectively). In contrast, in
the SR-implanted rats, the number of GFP+ cells in the CA1 and DG
regions did not alter significantly from those observed at two days and
remained around the blood vessels (panels B and D, respectively).

4. Discussion

Several strategies for DM treatment have been proposed over recent
years. Insulin therapy achieves overall blood glucose control; however,
glycemic variations occur during the intervals of administration, which
could contribute to some of the complications of DM. Alternative
therapies include the implantation of IPCs, which may be able to
ameliorate hyperglycemia and even reverse DM. We have investigated
approaches for the implantation of IPCs differentiated from ADSCs
using a short-term protocol of culture with nicotinamide/exendin-4/
activin A, as previously described by [78], emphasizing that they are
not necessarily pancreatic beta cells, but cells capable to produce in-
sulin and secrete it in response to glucose. In the present study, we
compared the use of two different IPCs implantation sites (SR and SC)
to investigate a putative protection against hippocampal damage in-
duced by STZ in the DM1 rat model.

Our previous studies have demonstrated that IPCs can be obtained
from ADSCs with a short-duration protocol, representing a chance to

Fig. 4. Cell markers in the hippocampus of diabetic rats after IPC implant.
Immunocontents of three cell markers were investigated in the hippocampus of
diabetic rats at three weeks after STZ, in rats submitted or not to IPC implant
(subcapsular renal, SR, or subcutaneous, SC). In A, the content of synaptophysin
(SYN), measured by Western blotting. Representative blot containing bands of
SYN and β-actin at the top of the panel. In B and C, the contents of GFAP and
S100B, respectively, measured by ELISA. Data are expressed as means ± SE (8
rats/group). Letters indicate different statistical groups (ANOVA followed by
Tukey's test, assuming p < 0.05).
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reduce costs and time in future investigations that employ these cells
[78]. We confirmed that short-term differentiation (for 3 days) was
enough to obtain active IPCs. Moreover, when IPCs were cultured for an
additional 14 days, in the absence of inductors for IPC differentiation,
they preserved their ability to secrete insulin. We chose this time be-
cause the diabetic animals were analyzed at 14 days after implantation.

The SR and SC sites were chosen for IPC implantation, based on
advantages in terms of surgical feasibility, as well as the reported hy-
perglycemic control achieved [68,82]. Although many studies have
investigated the ideal IPC implantation site for the reversal of hy-
perglycemia, none have compared the implantation sites with the aim
of reducing the deleterious effects, caused by DM, on the CNS. Our
results show that hyperglycemia was reduced after implantation at both
sites, as observed in previous studies, including ours [71,78,80].

However, serum C-peptide was detected only in SR implanted rats, as
also shown by other studies using IPCs for DM1 therapy [38,71,80].

Uncontrolled or prolonged hyperglycemia can lead to the formation
of advanced glycation end products (AGEs), produced from non-enzy-
matic glycation and glycoxidation processes, and creating a pro-oxidant
environment [76]. Glucotoxicity is one the causes of almost all com-
plications of untreated DM, both peripherally and centrally [79]. Our
results demonstrated that, as expected, diabetic rats presented an in-
crease in serum AGE levels and, interestingly, after IPC implantation at
both sites, serum AGEs returned to control levels. This effect may result
from the presence of MSCs remaining, along with IPCs, in cell pre-
parations, and these MSCs could provide an autophagic clearance be-
havior [28,44]. MSCs are capable of removing abnormal proteins or
glycated amino acids, promoting cell repair in vivo [52]. Although the

Fig. 5. GFP+ cells of IPC preparations implanted at the sub-
capsular renal and subcutaneous implant sites. IPCs were pre-
pared from mesenchymal stromal cells of the adipose tissue of
GFP-tg Lewis rats and implanted in the subcapsular renal (SR)
or subcutaneous (SC) sites. In A and B, fluorescent images in
the SR space, two days after implantation, magnified by 10×
and 40× respectively. B corresponds to square in panel A. In
C and D, fluorescent images in the SC space, at two days after
implantation, magnified by 10× and 40× respectively. C
corresponds to square in panel A. In E and F, fluorescent
images in the SR space, at fourteen days after implantation,
magnified by 10× and 40× by confocal microscopy, re-
spectively. F corresponds to square in panel E. In G and H,
fluorescent images in the SC space, at fourteen days after
implantation, magnified by 10× and 40× respectively. H
corresponds to square in panel G. Scale bars = 150 μm (left
panels) and 50 μm (right panels). Arrows indicate nuclei of
GFP+ cells and asterisks indicate adipocyte-like cells.
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mechanisms of the autophagy activity and scavenging capacity of MSCs
in DM1 are unclear, a scavenging capacity and AGE removal has been
observed in diabetic wounds [25], removing intracellular β-amyloid
[65], abnormal pulmonary epithelial cells [32,87] and alleviating beta
cell damage [85].

Interestingly, based on the NOR task, the cognitive impairment
observed in diabetic rats was prevented when IPCs were implanted via
the SC space (but not via SR). SC-IPC implanted rats presented im-
provements in both short- and long-term memory. This cognitive im-
provement is not due to the hyperglycemia amelioration observed or

due to the decrease in circulating AGEs, since these were detected in
both the SR and SC groups. Based on the serum C-peptide content, it is
also possible to rule out the cognitive improvement in the SC group due
to increased insulin secretion.

Considering the fact that beneficial results in the CNS did not derive
from changes in glycemia, AGEs and insulin, we consider a putative
effect of the MSCs present in the cellular grafts. The benefits of the use
of MSCs for the treatment of cognitive disorders has been well docu-
mented. Treatments with MSCs in animal models of Alzheimer's disease
[15,86], as well as the effect of exosomes derived from MCSs [10,14],

Fig. 6. GFP+ cells of IPC preparations migrate to the pancreas of STZ-diabetic rats. IPCs were prepared from mesenchymal stromal cells of the adipose tissue of GFP-tg
Lewis rats and implanted in the subcapsular renal (SR) or subcutaneous (SC) sites. Corresponding phase contrast and fluorescent images, magnified 20×, from
pancreatic tissue of transplanted diabetic rats are shown in the left and right panels, respectively. A and B, pancreatic tissue, two days after SR implant. C and D, two
days after SC implant. E and F, fourteen days after SR implant. G and H, fourteen days after SC implant. Scale bar = 80 μm.
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have been reported, as have their influence on cognitive deficits as a
consequence of DM [48].

The MSCs have a homing capability, which allow the cells to na-
vigate to regions of injury and inflammation, similarly to the response
of leukocytes to cytokines [36,59], promoting tissue repair, including in
the brain [74]. In fact, hippocampal damage can be signalled to

different types of stem cells for migration and tissue repair in a series of
injuries, such as traumatically injured brain [16], DA [43] and hippo-
campal ischemic/hypoxic injury [51]. Basically, systemic homing con-
sists of a multistep process where cells from the circulation, or directly
administered, reach a target site guided by chemical signals (see [50]
for a review). It is well documented that none of the numerous

Fig. 7. GFP+ cells of the IPC preparation migrate to the
hippocampus of STZ-diabetic rats. IPCs were prepared
from mesenchymal stromal cells of the adipose tissue
of GFP-tg Lewis rats and implanted in the sub-
capsular renal (SR) or subcutaneous (SC) sites.
Presence of GFP+ cells was evaluated by confocal
microscopy in CA1 and DG regions, magnified by
10×. A and B are images of the CA1 region, at two
and fourteen days after SR implant, respectively. C
and D are images of the DG region, at two and
fourteen days after SR implant, respectively. E and F
are images of the CA1 region, at two and fourteen
days after SC implant, respectively. G and H are
images of the DG region, at two and fourteen days
after SC implant, respectively. Scale bar = 150 μm.
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protocols available for obtaining IPCs result in complete cell differ-
entiation (e.g. Gabr et al., 2014; [80]), even if in very small numbers,
ADSCs are essential for the survival and functionality of the IPCs
[21,53]. Therefore, our implant strategy (4 × 106 differentiated cells/
rat) may not have provided enough IPCs for a reversal of the peripheral
parameters of DM1; however, implantation in the SC region contributed
to a total reversal of the cognition impairment observed. Assuming that
IPCs lost their capacity for migration, the presence of MSCs could help
explain cognitive improvements in diabetic rats. These cells could mi-
grate to damaged brain sites in diabetic rats. However, it is unclear, at
this time, as to why preparations of IPCs implanted in the SC site would
provide more cells and/or more effective cells than cells implanted in
the SR site, for improving hippocampal damage in diabetic rats.

We investigated two specific markers of astrocytes (GFAP and
S100B), as well as synaptophysin, a neuron-specific marker, in the
hippocampus of diabetic rats, submitted or not to IPC implantation. We
did not find any alteration in hippocampal GFAP content at 3 weeks
after STZ administration, but we observed a decrease in S100B in dia-
betic rats, in agreement with our previous report [49]. With regard to
GFAP, conflicting results in the literature have reported increments,
decrements and no changes in the hipocampal tissue [5,12,49,63]. It is
also important to emphasize that, while GFAP is the most common
marker of astrogliosis, its modulation does not indicate cellular dys-
function [2]. Herein, diabetic rats did not present changes in hippo-
campal GFAP, but when they received the IPC implant, independently
of implantation in the SC or SC region, a decrease in GFAP was ob-
served. Considering that GFAP expression increases with maturity and
injury [81], we can postulate that astrocytes were “rejuvenated” by the
presence of trophic factors released from implanted cells. This hy-
pothesis requires further study involving other approaches.

With regard to hippocampal S100B, conflicting results exist, pos-
sibly due to methodological approaches. A transitory increase in S100B-
positive cells has been reported at one week after STZ administration
[41], which together with our current data, is in agreement with an-
other study using a model of sporadic type Alzheimer's disease. Alz-
heimer's disease can offer a parallel for comparison, due to cognitive
impairment and hippocampal astrocyte reactivity, and an increase in
hippocampal S100B was described in the first week after induction,
with a decrease later, in the fourth week [18]. S100B has many mole-
cular targets in astrocytes, but is also secreted and has a trophic role in
neurons via RAGE [17]. Interestingly, the decrease in S100B observed
in diabetic animals was partially reversed by IPC implantation via SR
and fully reversed via SC. This suggests a putative neurotrophic effect,
mediated by S100B, in diabetic rats that received MSC/IPCs via SC.

Synaptophysin is a membrane protein of synaptic vesicles and re-
lated to neuronal plasticity of learning and memory, including in the
NOR task [27]. We measured synaptophysin content and no changes
were observed in hippocampal tissue, in agreement with another study
performed in STZ-diabetic rats (also analyzed by Western blotting)
[23]. We firstly hypothesized that a decrease in synaptophysin would
occur in diabetic rats, but as seen for glial markers, there are conflicting
results in the literature (e.g. [3,23]). However, we cannot exclude the
possibility of specific local changes in this protein in the hippocampus,
in association with the cognitive deficit observed in diabetic animals.

In another set of experiments, we used GFP+ cells to monitor the
implant sites, at two and 14 days after the surgery, to determine whe-
ther cells survive at the implant site and if they migrate to potentially
damaged sites, such as the pancreas and hippocampus. In this study,
GFP+ cells from the preparation of IPCs were found in the pancreas,
lungs and brain. We postulate that undifferentiated MSCs are present in
our preparation, and these are able to migrate to remote sites [39,62].

Two days after IPC implantation, at both sites, we found clusters
and isolated GFP+ cells. The cells at the SC site presented a looser
arrangement than the cells at the SR site. This probably occurred be-
cause the kidney capsule is inelastic and has a limited space beneath it
that cannot accommodate a large amount of cells, and that the cells

were compressed under the kidney capsule [22]. With regard to remote
organs, we observed cell migration from both implantation sites, but
with different distribution profiles. Two days after implantation, GFP+
cells from the SC site were apparently more capable of migrating to the
lungs (data not shown) and pancreas than to the hippocampal tissue. At
this time, GFP+ cells in the hippocampus were found mainly around
the blood vessels, consistent with the relative short period needed to
complete migration and brain homing [33,50].

This scenario changed at two weeks after implantation. We still
found a large number of GFP+ cells at both SR and SC implant sites, but
there was a reduction in the implanted cells that could be attributed to
migration and cell death by local conditions (e.g. hypoxia) [20]. In fact,
we observed the presence of adipocyte-like cells at both implant sites,
which were apparently more numerous in the SR site than in the SC site.
The presence of adipocytes was confirmed by oil red O staining (data
not shown).

The SR site is commonly used for IPC implantation, where these
cells remain producing insulin. In this study, GFP+ cells from the IPC
preparation,n implanted at the SR and SC sites, were found in the
pancreatic tissue. Interestingly, at 14 days after implantation in the SC
site, GFP+ cells were more numerous and more organized in clusters in
the pancreas than those placed in the SR. However, this greater “in-
tegration” with pancreatic tissue did not result in a recovery, con-
sidering the practically absent insulin secretion in SC implanted ani-
mals.

At 14 days, GFP+ cells implanted at the SC site were found in
greater quantity and more scattered in the hippocampus than cells
implanted at the SR site, particularly in the CA1 region of the hippo-
campus, as compared to the dentate gyrus region. In fact, GFP+ cells
implanted at the SR site remained around the vessels for longer in both
the hippocampal regions. In contrast to observations in the pancreas,
the presence of GFP+ cells from the SC implant could be associated
with the cognitive recovery observed in these animals.

MSCs and their products (exosomes, growth factors and cytokines)
have been used to protect brain tissues against several types of injury,
and their main action in brain repair may be due to the anti-in-
flammatory and immunosuppressive activities of these cells
[54,56,64,74]. Accordingly, our data show a decrease in GFAP and
S100B level recovery in the hippocampus of STZ-diabetic animals re-
ceiving IPCs, particularly at the SC site. Moreover, locally transplanted
MSCs may stimulate hippocampal neurogenesis [24]. Cognitive im-
pairment in STZ-diabetic rats has been reversed by treatment with
MSCs administered intravenously and by intranasal administration of
exosomes from these cells, suggesting that soluble MSCs are mediators
of neuroprotection [48,60]. Although differences exist between bone
marrow and adipose tissue MSCs, it is conceivable that the cognitive
improvement observed in STZ-diabetic rats, in this study, is also due to
the factors released by MSCs still present in our preparation of IPCs.
Apparently, these MSCs survive, migrate and/or release trophic med-
iators when implanted at the SC site for reasons unclear at this moment.
For example, it is possible that the richer blood supply at the SC site
(increased after surgery) could explain, in part, the greater cell survival
and migration [26,57].

5. Conclusions

In the present study, IPCs were implanted at two different sites (SC
and SR) in STZ-diabetic rats. The cells implanted in the SC site suc-
cessfully ameliorated cognitive impairment and modulated hippo-
campal parameters, such as S100B and GFAP. Peripherally, both im-
plants improved hyperglycemia and caused a reduction in AGEs in
diabetic rats, but serum insulin was not observed in the SC group. Using
GFP+ cell implants, we observed the survival of these cells at the im-
plant sites, as well as their migration to the pancreas and hippocampus.
These data suggest the presence of undifferentiated MSCs in our IPC
preparation, which could help to explain the peripheral reduction of
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AGEs (by autophagic depuration) and the recovery of cognitive im-
pairment (by immunomodulation at the hippocampus). Together, these
data reinforce the importance of MSCs in neuroprotective strategies,
and highlight the logistic importance of the subcutaneous route for
administration.
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