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Abstract

The purpose of this study was to investigate the effects of multiple infusions of allogeneic
MSCs on glucose homeostasis and morphometry of pancreatic islets in high- fat diet (HFD)
fed mice. Swiss mice were fed standard diet (C group) or HFD (HFD group). After 8 weeks,
animals of HFD group received sterile phosphate-buffered saline infusions (HFD-PBS) or
four infusions of MSCs one week apart (HFD-MSCs). Fasting glycemia (FG) was deter-
mined weekly and glucose (GTT) and insulin (ITT) tolerance tests were performed 4, 8, 12,
and 16 weeks after the infusions of MSCs. The MSCs transplanted mice were classified as
responder (FG < 180 mg/dL, 72.2% of transplanted mice) or non-responder (FG > 180mg/
dL, 28.8%) Seven weeks after MSCs infusions, FG decreased in HFD-MSCs responder
mice compared with the HFD-PBS group. Sixteen weeks post MSCs infusions, GTT and
ITT areas under the curve (AUC) decreased in HFD-MSCs responder mice compared to
HFD-PBS group. Serum insulin concentration was higher in HFD-PBS group than in control
animals and was not different compared with the other groups. The relative volume of a-
cells was significantly smaller in HFD-PBS group than in C group and significantly higher in
HFD-MSCs-NR than in HFD-PBS and HFD-MSCs-R groups. Cell apoptosis in the islets
was higher in HFD-PBS group than in C group, and lower in HFD-MSCs responder mice
than in HFD-PBS group and non-responder animals. The results demonstrate the ability of
multiple infusions of MSCs to promote prolonged decrease in hyperglycemia and apoptosis
in pancreatic islets and increase in insulin sensitivity in HFD fed mice.
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Introduction

Type 2 Diabetes Mellitus (T2D), the most common form of diabetes (approximately 90% of
cases) is caused basically by two pathogenic mechanisms-insulin resistance and secretory dys-
function/decrease of pancreatic B-cells and currently there are experimental, clinical and epide-
miological evidences of the involvement of immune and inflammatory mediators in these two
mechanisms [1]. Insulin resistance is closely related with obesity. The progression of obesity to
insulin resistance and to T2D involves the adaptive expansion of B-cells and increase of insulin
secretion, and if this compensation is inadequate, glucose intolerance and T2D develop, with
subsequent decline of pancreatic B-cell mass [2,3].

The treatment of T2D is complex and requires nutritional counseling, exercise, several oral
drugs and, often, multiple daily insulin injections. Still, treatment of T2D can only ameliorate
hyperglycemia or temporarily improve the response to insulin in target tissues. In addition, ad-
herence to therapy is usually low and most patients maintain hyperglycemia, which is the
major factor responsible for the onset of the chronic and severe complications of diabetes [4].
Therefore, the development of new preventive and therapeutic strategies for T2D is essential.
The interest in regenerative therapeutics for T2D was initially motivated by the importance of
preserving B-cell mass and function.

The regenerative cellular therapy, in particular with multi/pluripotent cells, has been inves-
tigated as a potential therapeutic strategy for T2D [5]. Among them, mesenchymal stem cells
(MSCs) due to their immunoregulatory properties are relevant therapeutic candidates [6,7].

Bone marrow (BM) is an important source of easily obtained adult stem cells that include
hematopoietic stem cells, mesenchymal stromal stem cells, and endothelial progenitor cells [8].
MSCs are one of the most important multipotent adult stem cells, which can be extensively cul-
ture-expanded, are undifferentiated, self-renewable, have low immunogenicity and their clini-
cal utilization involves few ethical concerns [6].

MSCs are able to modify the microenvironment of injured tissues contributing to tissue re-
pair and regeneration through the secretion of cytokines, anti-inflammatory and anti-apoptotic
molecules with trophic and immunomodulatory functions [9,10,11,12].

Several studies have shown that MSCs transplantation decreased blood glucose levels and
promoted regeneration of pancreatic islet of diabetic animals [13,14,15,16,17,18,19,20,21].
However, these findings were still not adequate to explain the therapeutic contribution of MSC
to T2D. Most pre-clinical studies of type 2 diabetes use transgenic manipulations or streptozo-
tocin-induced diabetes as experimental models to evaluate the metabolic effects MSCs infu-
sions [14,22,23]. Nevertheless, these animal models do not reflect the pathogenesis of the
human disease which is complex and closely associated with obesity. However, so far, the ef-
fects of MSCs infusion in the high fat diet (HFD)-induced diabetes model have been unknown.

Morphometric studies of pancreatic islets have been made since the 50's and since then have
helped unravel the complex relationship between the different cell types that compose them as
well as their relationship with physiological and pathological conditions, especially diabetes
mellitus type 1 and type 2 [24,25].

The purpose of this study was to investigate the effects of multiple infusions of allogeneic
BM MSCs on glucose homeostasis and morphometry of pancreatic islets in HFD-induced hy-
perglycemia in Swiss mice.

Materials and Methods

Animals and experimental groups

Four week-old male Swiss mice (State University of Campinas Central Breeding Center, Cam-
pinas, Sdo Paulo, Brazil), were acclimated in individual cages under controlled temperature,

PLOS ONE | DOI:10.1371/journal.pone.0124369 April 29, 2015 2/18



" ®
@ ’ PLOS ‘ ONE MSCs Decrease Insulin Resistance and Apoptosis in Islet

I T T T T T 1 Control Group
Control diet

PBS

U

I | HFD-PBS Group

! High fat diet
" 5-8x10° MSCs
l ! I ] HFD-MSCs G
High fat diet s Group
[ [ [ T [ [ I
0 ey 9 13 17 21 25 29 Weeks
< GTIT,ITT.FG > Blood and tissue
collection

Fig 1. Experimental groups and study design. Eight weeks after high fat-diet or standard diet regimen (control group), mice received 4 weekly
intraperitoneal (i.p) infusions of PBS (HFD-PBS group) or 5-8 x 106 BM-MSC (HFD-MSC group). Fasting glycemia (FG) was determined every week and
glucose (GTT) and insulin (ITT) tolerance tests were performed in the 9, 17, 215t 25", and 29™ week of the experimental period.

doi:10.1371/journal.pone.0124369.g001

humidity and lighting (12-h dark/light cycle) and with free access to water and standard rodent
chow. After 7 days, the animals were randomly assigned into 2 groups, Control group (C) fed
standard rodent chow and High-fat diet group (HFD) fed 60% of Kcal as fat (PragSolugdes,
Sao Paulo, Brazil). After 8 weeks, animals of HFD group were randomly divided into 2 groups:
HF mice, which received sterile phosphate-buffered saline (PBS) infusions (HFD-PBS) and HF
mice, which received multiple MSCs infusions (HFD-MSCs), (Fig 1).

Animal protocols were approved by the Ethic Committee of the Federal University of Sdo
Carlos (Approval ID number 053/2008).

Fasting glycemia, serum insulin determinations and glucose (GTT) and
insulin (ITT) tolerance tests

Fasting glycemia (FG) was determined after 8 weeks of the diet regimen. The animals from
which FG was > 180 mg/dL were considered hyperglycemic [26]. Fasting glycemia was also de-
termined weekly after MSCs infusions.

GTT and ITT were performed after 8 weeks of the diet regimen and 4, 8, 12, and 16 weeks
after the MSCs infusions. After overnight fasting, unanesthetized mice were injected with 1.5g
of 50% glucose solution per kg of body weight (BW) by intraperitoneal (i.p) route. Blood sam-
ples were collected before glucose injection and 30, 60, 90, and 120 min after the injection. ITT
was performed after overnight fasting, in unanesthetized mice injected i.p. with human insulin
0.75 U/kg BW. Blood samples were collected before injection and 15, 30, 60, and 90 min after
insulin challenge.

Blood glucose samples were collected from the tail vein. Blood glucose levels were measured
by Accu-Check glucose meter (Roche Diagnostic, Indianapolis, USA) and serum insulin con-
centration was determined by ELISA (Millipore Corporation, Billerica, MA, U.S.A.) according
to the manufacturer’s protocol.

Isolation, culture and characterization of bone marrow MSCs

The bone marrow cells were isolated from the tibias and femurs of male Wistar rats, aged 6-8
weeks. After washing and centrifugation, cells were resuspended in a o-minimum medium
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(Gibco, Auckland, New Zealand) supplemented with 15% of fetal bovine serum (Hyclone,
Logan, UT, USA) and 100 pg/ml penicillin (Gibco), 100 pg/ml streptomycin (Gibco) and

2 mM L-glutamine (Gibco), and plated in a 150x20mm dish (density of 5 x 10° nucleated cells/
dish). The cells were incubated in a humidified atmosphere containing 95% air and 5% CO, at
37°C. The non-adherent cells were removed by changing the medium after 3-day culture. Con-
fluent primary cultures were washed with PBS and lifted by incubation with trypsin (Sigma-
Aldrich, Saint Louis, MO, USA) at 37°C for 5 minutes. RPMI1640 (Gibco), supplemented with
10% fetal bovine serum (HyClone, Logan, UT, Canada) was added to neutralize the excess
trypsin. The cells were centrifuged and seeded into a 150x20mm dish (density of 5x10° nucleat-
ed cells/dish). Subsequent passages were performed similarly until the fifth passage.

To characterize MSCs, one aliquot of trypsinised MSCs from the fifth passage was stained
with phycoerythrin (PE)-conjugated monoclonal antibodies against CD31, CD45 or fluoresce-
in isothiocyanate (FITC)-conjugated monoclonal antibodies against CD 11b, CD44, and CD29
(Becton-Dickinson/BD, San Jose, CA, USA) for 15 minutes at room temperature. Stained cells
were washed and analyzed immediately on a FACSort flow cytometer using CellQuest software
(BD).

Adherent cells were further characterized according to their in vitro osteogenic and adipo-
genic differential potential. Osteogenic differentiation was induced by culturing confluent
MSC:s for 3 weeks in o-minimum medium (Gibco) supplemented with 7.5% fetal bovine serum
(Hyclone, Logan, UT, USA), 1uM dexamethasone, 200 uM ascorbic acid (Sigma-Aldrich),
10mM B-glycerophosphate (Sigma-Aldrich). To observe calcium deposition, cultures were an-
alyzed by von Kossa staining [27]. Adipogenic differentiation was induced by culturing conflu-
ent MSCs for 2 weeks in o-minimum medium (Gibco) supplemented with 15% fetal bovine
serum (Hyclone, Logan, UT, USA), 100mM dexamethasone (Prodome, Campinas, SP, Brazil)
10pg/mL insulin (Sigma-Aldrich), and 100uM indomethacin (Sigma-Aldrich). The cells were
then analyzed by Sudan II-Scarlat staining [28].

Multiple administration of MSCs

Bone marrow MSCs between fourth to fifth passages were used for multiple infusions in HFD
mice. HED-MSCs group received four i.p. infusions of 5 — 8x10°MSCs resuspended in 200uL
of PBS, with one week of interval. HFD-PBS group received 200uL of PBS i.p. (Fig 1).

Pancreas immunohistochemistry

Sixteen weeks after the last MSCs infusion, animals were euthanized and pancreas was rapidly
removed, fixed in 10% neutral-buffered formalin, dehydrated through graded ethanol passages,
cleared in xylene and embedded in paraffin wax. Five pm sections were deparaffinized and re-
hydrated in a graded series of ethanol washes. Subsequently, 3 discontinuous sections of 5um
pancreas sample were obtained and stained by hematoxylin and eosin (HE) and immunodetec-
tion of insulin, glucagon, Ki67 and caspase. Only for Ki67 and caspase detection, antigen re-
trieval was performed using citrate buffer. Endogenous peroxidase was quenched by hydrogen
peroxide 3% (Peroxidase-Blocking reagent, DAKO Cytomation, Fort Collins, CO, USA). Then,
sections were incubated with PBS/ BSA 1% to prevent unspecific staining. Next, primary anti-
bodies were applied to the sections. In this study, four primary antibodies diluted in PBS/1%
BSA were used: 1) rabbit polyclonal anti-insulin (dilution 1:100; Santa Cruz Biotechnology,
CA, USA), 2) mouse monoclonal anti-glucagon (dilution 1:2000; Abcam, Cambridge, UK), 3)
rabbit polyclonal anti-caspase (dilution 1:500; Abcam, Cambridge, UK) or 4) rabbit monoclo-
nal anti-Ki67 (dilution 1:100; Abcam, Cambridge, UK). Sections were then incubated with
LSAB™.+ Kit/HRP (DAKO Cytomation, Fort Collins, CO, USA). The slides were stained with
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3.3’diaminobenzidine (DAB—DAKO) according to the manufacturer’s instructions. Finally
the sections were and counterstained with Harrys hematoxylin stain. Images were captured
and analyzed by a system composed of a video cam (Carl Zeiss AxionCam-MRc) coupled to an
Axion Vision Vert A1 microscope (Car Zeiss GmbH, Jena, German), linked to a microcomput-
er with a Axiovision 4.8 software. Captures were performed using X20 objective magnification.

Determination of islet size and quantification of § and a cells volume

For morphometric pancreas analysis, fifteen islets from each mouse were randomly chosen.
Each islet was evaluated to obtain the total islet area and the area positive for insulin or gluca-
gon within each islet using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD).
Then, the relative volume of B-cell or a.-cell was calculated as the percentage area positive for
insulin or glucagon within the islets [25].

Proliferation and apoptosis

Pancreatic islet apoptosis and proliferation was expressed as caspase-3 or Ki67 positive cells,
respectively, per islet area. Software Image-Pro Plus (Media Cybernetics, Silver Spring, MD)
was used to measure areas and Image ] (National Institutes of Health, Bethesda, MD, USA)
was used to count the positive cells.

Statistical analysis

Data are presented as mean + SEM. Statistical analysis was done by unpaired and paired Stu-
dent’s ¢ tests and analysis of variance (ANOVA). Tukey’s multiple comparisons test was used
for post hoc analysis of between-group comparisons. Data are presented as means + SEM. P
values < 0.05 were considered statistically significant.

All statistical analyses were performed by GraphPad Prism 5.0 software (GraphPad soft-
ware, Inc., California, USA)

Results

Characterization of allogeneic bone marrow derived MSCs

Allogeneic BM-MSCs expressed typical mesenchymal cell markers (Fig 2A) as previously de-
scribed [29]. MSCs stained positive for CD44 and CD29 while negative for CD31, CD45 and

CD11b. MSCs were further characterized by their osteogenic and adipogenic differential poten-
tial (Fig 2B-2D).

Metabolic characteristic of the animals

Eight weeks after the HFD regimen, mice fed high-fat diet had significantly higher FG than
that of control animals (210.5+6.8 vs 133.22+4.8 mg/dL, p <0.05) until the end of the experi-
mental period. These animals had significantly higher glycemia response to both glucose and
insulin injections than that of control mice (Fig 3A and 3B).

MSCs multiple injections decrease blood glucose levels and improve
glucose and insulin response

Sixteen weeks after BM-MSCs fourth infusion, 72.2% (n = 13) of the animals exhibited fasting
glycemia lower than 180 mg/dL (henceforth called responders or HFD-MSCs-R), while 27.8%
(n =5) did not respond to MSCs therapy—non-responders (or HFD-MSCs-NR). Fig 4 shows
the evolution of fasting glycemia in each group throughout the entire experimental period.
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Fig 2. Bone marrow-derived MSCs isolated from Wistar rats. Immunologic phenotypes of MSCs (A). Passage five plastic adherent cells cultured in
alpha-MEM supplemented with 15% fetal bovine serum (B) and differentiated into adipogenic (C) or osteogenic (D) lineages.

doi:10.1371/journal.pone.0124369.9002

Fasting glycemia of HFD-MSCs-R mice was significantly lower compared HFD-PBS since the
fourth week post- MSCs infusion. Post-treatment fasting glycemia of HFD-MSCs-R was signif-
icantly lower than their pre-treatment values (140.5 £ 22.4 vs 214.0 + 20.8, p< 0.05, Fig 5).

Body weight of HFD fed animals was significantly higher than control animals beginning at
the 8™ week until the end of the experimental period. At the end, the body weight of HFD-PBS,
HFD-MSCs-R and HFD-MSCs-NR was not different (Table 1).
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Fig 3. Glucose Tolerance Test (GTT) (A) and Insulin Tolerance Test (ITT) glycemia responses (B) increase in high fat diet-fed mice. Glycemia AUC,
area under the curve (AUC) analysis of glycemia profile of GTT and ITT after eight weeks of diet regimen. Values are expressed as mean + SEM (10-28
mice/group). * p < 0.05, control group (C) vs. high fat diet group (HFD).

doi:10.1371/journal.pone.0124369.9003
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Fig 5. Fasting glycemia decrease post-MSCs infusion. Sixteen weeks after the 4" infusion of BM-MSCs,
72.2% (n = 13) of the animals attained fasting glycemia lower than 180 mg/dL (responders). Post- infusion
fasting glycemia of these mice was significantly lower than their pre-infusion values. * p < 0.05, pre-vs. post-
infusion of BM-MSCs fasting glycemia.

doi:10.1371/journal.pone.0124369.9g005
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Table 1. Body Weight (g).

Groups

C

HDF-PBS
HFD-MSCs-R
HFD-MSCs-NR

Initial 8" week (pre-MSCs infusions) Final

244 +0.4 41.7+12 55.8+2.2

26.0+0.4 47.7 £ 1.5% 68.0 £ 2.2*
713128
65.4+2.0

Values are expressed as mean * SEM (n = 5-13 mice/group).

*p < 0.05, HFD-PBS vs. C.

doi:10.1371/journal.pone.0124369.1001
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—
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Fig 6. Serum insulin levels increase in high-fat-diet fed mice. Values are expressed as mean * SEM
(5—13 mice/group). * p < 0.05, control group (C) vs. high fat diet infused with PBS (HFD-PBS).

doi:10.1371/journal.pone.0124369.9g006

Serum insulin levels were significantly higher in HFD-PBS than in C (Fig 6). However, there
was no difference among HFD-PBS, HFD-MSCs-R and HFD-MSCs-NR groups.

Glycemia response to glucose injection (GTT) was significantly higher in HFD-PBS than in
C in the fourth week post-MSCs or PBS infusions. However, there was no difference among

60000~ =
E @ HFD-PBS
5 40000- HFD-MSCs-R
g 3 HFD-MSCs-NR
-
=
£ 20000-
%]
>
_';"a
O
0

4[}1 l 61}]
Post-MSCs infusions

Fig 7. Glucose Tolerance Test (GTT) glycemia response decrease post-MSCs infusion. Only in the 16"
week post-MSC infusions, the glycemia response to glucose injection was significantly lower in HFD-MSCs-

R when compared to HFD-PBS group. Values are expressed as mean + SEM (5—13 mice/group). * p < 0.05,
control group (C) vs. HFD-PBS; # p < 0.05, HFD-MSCs-R vs. HFD-PBS.

doi:10.1371/journal.pone.0124369.g007
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Fig 8. Insulin Tolerance Test (ITT) glycemia response decrease post-MSCs infusion. Only in the 16"
week post-MSC infusions, the glycemia response to insulin injection was significantly lower in both
HFD-MSCs-R and HFD-MSCs-NR compared to HFD-PBS group. Values are expressed as mean + SEM (5—
13 mice/group). * p < 0.05, control group (C) vs. HFD-PBS; * p < 0.05, HFD-MSCs-R vs. HFD-PBS; &

p <0.05, HFD-MSCs-NR vs. HFD-PBS.

doi:10.1371/journal.pone.0124369.g008

Fig 9. Morphological features of pancreatic islet by hematoxylin and eosin staining. Representative images of pancreas section stained for
hematoxylin and eosin of control group (A) and HFD-PBS (B), HFD-MSCs-R (C), and HFD-MSCs-NR (D) groups.

doi:10.1371/journal.pone.0124369.9g009
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HEFD-PBS, HFD-MSCs-R and HFD-MSCs-NR groups. The same pattern was observed in the
8™ and 12" weeks post-MSCs or PBS infusions (data not shown). In the 16™ week post-MSCs
or PBS infusions, the glycemia response to glucose injection was significantly lower in
HFD-MSCs-R than in HFD-PBS group (Fig 7).

Glycemia response to insulin injection (ITT) was significantly higher in HFD-PBS than in C
at the fourth week post-MSCs or PBS infusions. Nevertheless, there was no difference among
HEFD-PBS, HFD-MSCs-R and HFD-MSCs-NR groups. The same pattern was observed in the
8™ and 12™ weeks post-MSCs or PBS infusions (data not shown). In the 16™ week post-MSCs
or PBS infusions, the glycemia response to insulin was significantly lower in both HFD-MSCs-
R and HFD-MSCs-NR than in HFD-PBS group (Fig 8).

Pancreatic islet analysis

Pancreatic islets showed no morphological changes, maintaining their typical round or oval
shapes. No inflammatory cells (insulitis) were observed in the pancreatic islets (Fig 9)
According to the morphometric analysis of the islets, the total islet areas and the relative
volumes of B-cells were not different among the groups (Fig 10A-10E). However, the relative
volumes of a-cells were significantly smaller in HFD-PBS group than in C and significantly
higher in HFD-MSCs-NR than in HFD-PBS and HFD-MSCs-R groups (Fig 11A-11E).

ac

Wl HFD-PBS
HFD-MSCs-R
3 HFD-MSCs-NR

B-cell volume (%)

Fig 10. Islet areas and relative volumes of 3-cell did not differ among the groups. Representative
images of pancreas section stained for insulin of control group (A) and HFD-PBS (B), HFD-MSCs-R (C), and
HFD-MSCs-NR (D) groups. Quantitative data correspond to mean + SEM (5—13 mice/group) (E).

doi:10.1371/journal.pone.0124369.g010
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Fig 11. Relative volumes of islet a-cell decrease in HFD-PBS and increase in HFD-MSCs-NR.
Representative images of pancreas section stained for glucagon of control group (A) and HFD-PBS (B),
HFD-MSCs-R (C), and HFD-MSCs-NR (D) groups. Quantitative data correspond to mean + SEM (5—13 mice/
group) (E). * p < 0.05, control group (C) vs. HFD-PBS; * p < 0.05, HFD-MSCs-NR vs. HFD-PBS; 8p<0.05,
HFD-MSCs-NR vs. HFD-MSCs-R.

doi:10.1371/journal.pone.0124369.g011

Apoptosis in islet cells was significantly higher in HFD-PBS group than in C and in
HFD-MSCs-NR group compared with HFD-PBS and HFD-MSCs-R groups. However, the
number of apoptotic cells was reduced in HFD-MSCs-R group when compared with HFD-PBS
group (Fig 12A-12E).

Regarding islet cellular proliferation, it was significantly smaller in HFD-PBS group than in
C. No other difference among the groups was observed (Fig 13A-13E).

Apoptosis in islets was positively correlated with fasting glycemia (r = 0.56; p = 0.002), glyce-
mia response to glucose (r = 0.59; p = 0.001) and insulin (r = 0.42; p<0.05) injections (Fig 14A,
14B and 14C). Cell proliferation was negatively correlated with fasting glycemia (r = 0.39;
p<0.05) (Fig 14D).

Discussion

The results show that multiple infusions of allogeneic BM-MSCs are able to promote prolonged
decrease in glucose intolerance and apoptosis in pancreatic islets and increase in insulin sensi-
tivity in hyperglycemic HFD fed mice. To the best of our knowledge this is the first report of
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Fig 12. Islet apoptosis increases in HFD-PBS and HFD-MSCs-NR and decreases in HFD-MSCs-R.
Representative images of pancreas section stained for caspase-3 of control group (A) and HFD-PBS (B),
HFD-MSCs-R (C), and HFD-MSCs-NR (D) groups. Quantitative data correspond to mean + SEM (5—13 mice/
group) (E). * p < 0.05, control group (C) vs. HFD-PBS; * p < 0.05, HFD-MSCs-R vs. HFD-PBS; * p < 0.05,
HFD-MSCs-NR vs. HFD-PBS; & p < 0.05, HFD-MSCs-NR vs. HFD-MSCs-R.

doi:10.1371/journal.pone.0124369.9012

the effects of BM-MSCs infusion in pancreatic and metabolic parameters in exclusively HFD
fed hyperglycemic mice.

The HFD fed rodent is one of the most widely used models for studying the metabolic de-
rangements caused by obesity in humans, including glucose intolerance, insulin resistance and
type 2 diabetes mellitus. It had been previously described that Swiss mice fed HFD for 8 weeks
develop obesity, insulin resistance and hyperglycemia as observed in the present study [30].
This animal model resembles more closely the human type 2 diabetes background since it has
no transgenic manipulations or drug-induced  cell toxicity, such as caused by streptozotocin.

Previous studies have reported beneficial effects of stem cells transplantation on the meta-
bolic status in both types 1 and 2 diabetic patients and in rodent models of diabetes
[5,13,14,15,16,17,20,22,31,32,33,34,35,36,37,38,39]. The beneficial effects have been attributed
to immunological and regenerative properties of different origin stem cells, including umbilical
cord cells [40,41,42,43]. However, most pre-clinical studies use streptozotocin-induced diabe-
tes models to evaluate the metabolic effects of single or multiple intravenous MSCs infusions.
To the best of our knowledge this is the first report of the effects of BM-MSCs infusion in pan-
creatic and metabolic parameters in exclusively HFD fed hyperglycemic mice.

Several studies suggest that MSCs may be autologously, allogeinic and even xenogeinic
transplanted since the infusion of MSCs in immunocompetent animal models did not lead to
rejection of the same and provided good therapeutic results [17,38,42,44,45].
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Fig 13. Islet proliferation decreases in high fat diet-fed mice. Representative images of pancreas section
stained for Ki67 of control group (A) and HFD-PBS (B), HFD-MSCs-R (C), and HFD-MSCs-NR (D) groups.
Quantitative data correspond to mean + SEM (5—13 mice/group) (E). * p < 0.05, control group (C) vs.
HFD-PBS.

doi:10.1371/journal.pone.0124369.9g013

In the present study, the progressive decrease of fasting glycemia in HFD-MSCs-R animals
was observed since the 7 week post-MSCs infusions and maintained until the 16™ week post-
MSCs infusions. At this time, there was no difference in glucose levels between C animals and
HFD-MSC-R animals. It was previously demonstrated that MSCs infusion in only STZ or STZ
+HFD diabetes animal models is accompanied by decrease of hyperglycemia as observed in the
present study, however in most of the studies, the experimental period was shorter than the
one in the present study, even though in most of the studies, the experimental period was
shorter than in the present study [13,14,15,16,17,20,22,38] and there was increase of plasma in-
sulin levels[14,15,20,22,38].

In spite of the consistent decrease of hyperglycemia promoted by the multiple MSCs infu-
sions, morphometric analysis of the islets showed that the total islet area and the relative vol-
ume of B-cell did not change post-MSCs infusions, as opposed to previous reports using other
animal models [13,14,15,16,22]. This result associated with the unchanged insulin levels and
the decreased glycemia response to both, glucose and insulin injections suggest the increase of
insulin sensitivity of peripheral target tissues in the animals treated with MSCs, as recently re-
ported by others [14,38]. Indeed, it was demonstrated that MSC infusion increased expression
of GLUT4 and elevated phosphorilation of insulin receptor 1 and protein kinase B in insulin
target tissues [14,39]. The mechanisms, however, are poorly understood. It is speculated that
the migration of MSCs to different organs [46], in special to damaged tissues [47], could lead
to modulation of insulin resistance and local inflammation, which are typical mechanisms
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Fig 14. Correlation analysis. Islet apoptosis was positively correlated with fasting glycemia (A) and glucose tolerance test (GTT) (B) and insulin tolerance
test (ITT) glycemia responses (C). Islet proliferation was negatively correlated with fasting glycemia (D).

doi:10.1371/journal.pone.0124369.9014

involved in pathogenesis of obesity and type 2 diabetes. Most evidences suggest that the benefi-
cial effects of BM-MSCs transplantation are not associated with trans-differentiation of MSCs
into pancreatic f cells but rather related to MSC-derived paracrine factors such as cytokines
and growth factorsresponsible for immunossupression, differentiation, angiogenesis and stim-
ulation of endogenous cells [48,49,50]. The migration and homing ability of MSCs to injured
tissues enable the pacrine effects of MSCs [51]. Even though we did not evaluate MSCs migra-
tion and homing analysis in the present study, previous studies have shown that MSCs injected
intraperitoneally migrate to various organs such as lung, spleen, pancreas, kidneys, brain,
heart, thymus, liver, among others [52,53].

The data regarding the pattern of a-cells and glucagon in pathologic states such as obesity,
insulin resistance and type 2 diabetes in both humans and rodents are highly controversial
[54,55,56,57,58,59,60]. In the present study, the volume of a-cells decreased in HFD fed mice.
This finding could be associated with increased insulin levels since insulin is a potent o-cell in-
hibitor [59,60,61,62]. In addition, recent evidences point to the conversion of pancreatic o.-cells
to B-cells in conditions of stress [63,64]. A substantial proportion of a-cells becoming B-cells
could explain the decrease in o-cells volume in the presence of unaltered B-cell observed in
HED. Nevertheless, this hypothesis does not explain the increase in o-cells volume observed in
HFD-MSCs-NR group in comparison with HFD-MSCs-R group.

Beta-cell apoptosis has been considered an important mechanism in the pathogenesis of
type 2 diabetes and increased islet apoptosis in HFD fed mice was demonstrated [65]. In the
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present study, not only did apoptosis increase in HFD fed mice but also proliferation decreased
in these animals. Although islet proliferation did not change after MSCs infusions, islet apopto-
sis decreased in HFD-MSCs-R group. This result is confirmed by an in vitro study that demon-
strates decreased caspase 3 expression and new expression of Ki67 in islet cell nuclei by
electrofusion between dispersed islet cells and MSCs [66]. In addition, it was recently demon-
strated in vitro that MSCs co-cultured with pancreatic islets release trophic factors that increase
the survival of the islets and lead to expression of Pdx1 [67]. Altogether these data emphasize
the cytoprotective property of MSCs [11]. Interestingly, islet apoptosis was positively correlated
with fasting glycemia and glucose response to both glucose and insulin injections and islet pro-
liferation was negatively correlated with fasting glycemia. These findings demonstrated the im-
portance of the entire islet cell population and metabolic modulation.

In conclusion, the results demonstrate the ability of MSCs to promote prolonged decrease
in hyperglycemia and apoptosis in pancreatic islets and increase in insulin sensitivity in HFD
fed mice.
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