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ABSTRACT

Background/objective: The neonatal period of life is a critical window for the
pancreatic development. The streptozotocin (STZ) is one of beta-cytotoxic
agents to induce diabetes. In the STZ-induced diabetic model in neonatal
period, the rats present a partial recovery of pancreatic islet cell, and the mild
diabetes status at adulthood. To better understand how this occur we
investigate the relationship between PDX-1, Ki-67, Ngn-3, BMP-2 and -7 in
different moments in first month of their life.

Methods: Female newborn Wistar rats received STZ at birth for diabetes
induction, and the control (nondiabetic) received the vehicle. Then, the animals
were euthanized at different life days: D5, D10, D15, and D30. The blood
samples were collected for insulin measurement and pancreas was collected
and processed for immunohistochemical analysis of PDX-1, Ki-67, Ngn-3, BMP-
2 and —7 and co-localization for labeling of insulin and glucagon.

Results: The diabetic animals presented a lower immunostaining of PDX-1 on
D5, D15 and D30, a higher labeling of cell proliferation on D5 and D10 and
higher immunostaining of nuclear Ngn-3 in all moments in pancreatic islet cell.
Besides, the ratio for BMP-2 and -7 immunostaining was increased in
pancreatic islet cell in diabetic groups compared to respective control.
Conclusion: During neonatal period, PDX-1, Ngn-3, BMP-2 and —7 participate
in intricate approach for physiological pancreatic remodeling in control and
diabetic rats. However, diabetic animals present a reduced capability for
pancreatic islet recovery and have a functional impairment of the pancreatic

endocrine cells, leading to diabetes at adulthood.

Keywords: development, diabetes, islet cell, pancreas, rats
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INTRODUCTION

Pancreas is composed by endocrine and exocrine cells originated from
the same progenitor cells [1]. During the early pancreatic development,
mesenchyme cells are responsible for secretion of growth factors such as FGF
(fibroblast growth factor), BMP (bone morphogenetic protein) and activins,
which belongs to TGF-B superfamily (transforming growth factor-B). These
factors stimulate proliferation of pancreatic precursor cells that express PDX-1
(pancreatic and duodenal homeobox 1) [2-7]. This proliferative process leads to
pancreatic bud development that expand and branch [8-10], while TGF-B/BMP-
7 are secreted by mesenchyme and determine the endocrine-exocrine
proportion in pancreatic tissue [11,12].

PDX-1 is the first transcription factor expressed in endocrine pancreatic
tissue and induces Ngn-3 (neurogenin 3) activation [13—-15]. Ngn-3 is necessary
for endocrine cell specification during pancreas development and originates five
types of endocrine cells that compose pancreatic islets [6,16,17]. These cells
appear in the following chronological order in rodents: alpha (a), beta (), delta
(), epsilon (¢) and PP cells, which synthesize and secrete hormones as
glucagon, insulin, somatostatin, ghrelin and pancreatic polypeptide (PP),
respectively [10,16]. It is important to highlight that pancreatic development
occurs in similar ways in human and rodent with few differences (revised in
[18]).

After birth (neonatal period) the pancreatic islets undergo physiological
changes in structure and function. This period is considered a critical window of
pancreatic development in mammals [19,20]. Moreover, for identifying immature
B-cells some factors are observed as the low sensitivity to glucose and as the
presence of markers as Ngn-3 [21-23]. Therefore, unfavorable events during
pancreatic remodeling in this period can lead to onset of diseases in adulthood,
including diabetes [24]. Studies on pancreatic development and islet function in
humans are insufficient, and most of the acquired knowledge are originated
from investigations using experimental models, mostly with rodents [3,18,25].
Although the rodent and human pancreatic islets have some differences, the
cell architecture is similar between species [18,26,27]. This similarity indicates

that studies using rodents are adequate to expand knowledge about islet
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biology, substantially contributing to the development of strategies for the
prevention, treatment and diagnosis of diseases such as diabetes [27,28].

Gallego et al. [29] demonstrated that diabetic rats, who received
streptozotocin (STZ) on neonatal period, had a massive loss of B-cells at this
period followed by a partial 3-cell percentage recovery throughout life of these
animals (15 days of life and pregnancy period) [29,30]. Despite that, the rats
continued to present a lower percentage of B-cells, reduced pancreatic islet size
and hyperglycemic status.

PDX-1, Ngn3, BMP-2 and BMP-7 are important factors for pancreatic
development. However, few studies address these markers in postnatal life
associated with hyperglycemia. Therefore, we hypothesized that these factors
are essential for pancreatic development and could participate in the recovery
process of pancreatic B-cell in diabetic rats during neonatal period. In order to
comprehend the changes in endocrine pancreas after diabetic status in rats, we
evaluated the relationship between BMP-2, BMP-7, PDX-1, Ki-67 and Ngn3 in

different moments during the first month of life.

METHODs

Animals

Wistar rats were used and kept in the vivarium in the Laboratory of
Experimental Research in Gynecology and Obstetrics in controlled conditions of
temperature (22 + 2°C), light (12h light/dark cycle) and relative humidity (50 +
10%), with tap water and fed laboratory chow ad libitum. Female rats were
mated with males, weighing approximately 220-260g, (ratio of three females
and one male rat) to obtain female newborns (NB) for the composition of the
non-diabetic (control) and diabetic groups. The Ethics Committee on Animal
Use (CEUA) of Botucatu Medical School, Unesp, approved all the experimental
procedures applied in this study (Protocol Number: 1219/2017).
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Diabetes Induction

Female Wistar rats bred in our animal facility were fed ad libitum with
commercial rat chow (Purina®, Brazil). After obtaining pups, streptozotocin
(STZ - 100 mg/kg, subcutaneous route — sc., Sigma—Aldrich®, St. Louis, MO,
USA) diluted in citrate buffer (0.10 M, pH 4.5, Sigma-Aldrich®, St. Louis, MO,
USA) was injected in the female offspring, weighing approximately 5.0+1.0 g for
diabetes induction [29] on day of birth (D1). Nondiabetic (Control) animals were
injected only with citrate buffer (vehicle) under similar conditions to those
performed for diabetic group. Blood glucose level was used as inclusion criteria
on day 5 of life (D5) for each newborn. A small puncture at the distal end of the
animal's tail was made in order to obtain a drop of blood, which was then used
to determine the blood glucose levels using a conventional glucometer. Rats
given STZ with glycemia level equal to or greater than 400 mg/dL on D5 were
considered as diabetic, and female offspring that presented lower glycemia
were excluded and discarded of the experiment. For the control group, female
offspring with glycemia lesser than 120 mg/dL on D5 were included, and those

presenting blood glucose levels above 120 mg/dL were also discarded [31].

Experimental Groups

The control and diabetic female newborn rats (n = 115) were euthanized
at days 5 (n= 40 newborns) for diabetes confirmation; on D10 (n= 40 newborns)
and on D15 (n = 25 newborns) related to breastfeeding phase, and on D30 (n=
10 rats) related to post-weaning period. The D5 corresponded to hyperglycemic
peak in diabetic animals, D10 and D15 resembled to the pancreatic
regeneration period, while D30 represented the period immediately after cell
regeneration and possible changes related to the weaning period [19,20,29,32]
(Fig. 1). The newborns were maintained with their dam until the death day (D5,
D10 and D15) or until weaning (D30) in individual polypropylene cages with
wood shavings. After weaning (D21), the female rats were kept in polypropylene
cages with wood shavings containing three rats/cage until the death day.

For the serum measurements of control groups, we collected blood
samples of pool of three female newborns/mother (weighing approximately
101 g) on D5; and on D10, weighing approximately 21+2 g; two
newborns/mother (weighing approximately 28+4 g) on D15; and one
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newborn/mother (weighing approximately 105+10g on D30). In the diabetic
groups, it was necessary to increase of number of newborns for blood sample
collection to equal to the blood amount withdrawn of control animals due to the
lower body weight of the diabetic newborns compared to those of control group.
On D5 and D10, five female newborns were used for each experimental day,
weighing approximately 8+1 g and 15+3 g, respectively. On D15, three females
weighing approximately 23+5 g; and on D30, one female newborn, weighing
approximately 75+10 g, was used. For morphological analyses of control
groups, a maximum of two female pups/mother for all experimental moments
(D5, D10, D15 and D30) was used in order to ensure the genetic variability (Fig.
1).

Pregnant Wistar Rats
(N=90)

To obtain non-diabetic (control) female newborns (NB) To obtain diabetic female newborns (NB)
(N = 20 mothers) (N=70 mothers)
[T 1
Female NB received an injection of Citrate Buffer Female NB received an injection of streptozotocin
(vehicle) (STZ)
First day of iife First day of life
D5: D10: D15: D30: DS: D10: D15: D30:
5 litters 5 litters 5 litters 5 litters 20 litters || 20 litters || 20 litters || 10 litters

At 5 days of life, fasting glycemia were performed to verify normoglycemia (<120 mg/dL - Non-Diabetic) or hyperglycemia
(=400 mg/dL - Diabetic)

{}{}{}U vvvv

D10: D15: D30: D10: D15: D30:
5 I|tters 5 litters 5 litters 5 litters 5 Iltters 5 litters 5 litters 5 litters
Pool of 3 || Pool of 3 || Pool of 2 Pool of 5 || Pool of 5 || Pool of 3
NB/litter || NB/litter || NB/litter NBIIltter NB/litter || NB/litter || NB/litter NBllltter

R RN

Blood: Serum insulin measurements
Pancreas: Cells immunolabeled for PDX-1, Ki-67, BMP-2, BMP-7 and Ngn3 (IHC), co-localization for insulin and glucagon
by Immunofluorescence analyses

Figure 1. Experimental design.
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Blood and pancreas sample collection

After 6 hours of fasting, at the experimental periods (D5, D10, D15 and
D30) the female rats were anesthetized with sodium thiopental (Thiopentax®,
Cristdlia, Brazil) intraperitoneal route (120 mg/Kg according to Ethical
Committee’s protocols) and euthanized by decapitation. The blood samples
were collected and used to determine serum insulin levels. Following, the
animals were submitted to laparotomy for the collection of the pancreas for
morphological analysis of pancreatic tissues and immunolabeling to identify Ki-
67 and PDX-1 for pancreatic proliferation of islet cells; BMP-2 and BMP-7 for
pancreatic differentiation; Ngn-3 for pancreatic endocrine cell differentiation
after birth; and insulin and glucagon labeling to verify if there was overlapping of
these hormones in pancreatic islet cells.

Serum insulin measurement

The whole blood samples were centrifuged at 1,575 x g for 10 minutes
(min) at 4°C, and the obtained serum was stored in a freezer at -80°C until the
measurement moment. The serum insulin level was determined according to
manufacturer instructions of the specific commercial kit (Crystal Chemical® -
Code: 90060, USA).

Islet pancreatic cell morphology

Histological analysis

After dissection, the pancreas was fixed in 4% formaldehyde for 24 hours
(h). The fragments were paraffin-embedded and cut into sections of 5um using
a rotary microtome and stained with hematoxylin and eosin for conventional
morphological analysis of pancreatic tissue. The pancreatic islets were
identified and the images were captured using the computerized image system
(Software KS-300, version 3.0, Zeiss®), integrated with the digital camera
image (CCD-IRIS/RGB, Sony®, China) microscope (DMR, Leica®, Brazil). The
images were analyzed regarding to pancreatic islet size, atrophy, shape, and
cell limit [33-35].
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Immunohistochemistry procedures

The slides were rinsed and rehydrated through a grade ethanol series. In
general, the immunohistochemical procedures included following steps: (1)
tissue antigen retrieval; (2) blocking of endogenous peroxidase activity; (3)
blocking non-specific proteins; (4) incubation with the primary antibody; (5)
incubation with the secondary antibody; (6) peroxidase revelation using a
specific chromogen; and (7) counterstaining with Harris’s Hematoxylin. Negative
controls were performed for all antibodies by omitting the primary antibody step
similarly to described by Gallego et al. [29]. Supplementary Chart 1 described
the stages of antigen retrieval, primary and secondary antibodies, dilutions,
incubations and chromogens used for all immunohistochemical procedures
used in this study (Supplementary Chart 1).

The images were captured through the computerized image system
(Software KS-300, version 3.0, Zeiss®), which receives a digital camera image
(CCD-IRIS/RGB, Sony®), coupled under a microscope (DMR, Leica®). The
immunolabeled sections were semi-quantitatively evaluated for Ki-67, PDX-1,
Ngn3, BMP-2 and BMP-7. The Ki-67 is a marker for cellular proliferation, is
present during all active phases of the cell cycle, but is absent in quiescent cells
[36,37]. The previous analysis revealed Ki-67 staining in pancreatic cell nuclei.
Therefore, the number of Ki-67-positive immunostained cell nuclei were counted
in 10 microscopic fields at a final magnification 400 x (10 x eyepiece and 40
x/0.65/=/0.17 objective) from five different animals from each experimental
group. The results are expressed as a Ki-67 ratio [(humber of labeled
nuclei/total number of cell in islet)/islet area]. The counting was performed using
Image J® software (NIH — public access).

PDX-1 and Ngn3 have been present in the cytoplasm and nuclei of all
endocrine pancreatic cells. For the purpose of this study, only the staining in
pancreatic nuclei was considered because the transcription factors are
activated in the cell nuclei [38]. The PDX-1 and Ngn3 immunostaining analyses
were performed by ratio between nuclei counting and number of total cells, and
it was presented as a ratio of PDX-1 and Ngn3-labeled cells.

The immunolabeling for BMP-2 and BMP-7 was not observed in cell

nuclei, but only in the cytoplasm. Following, the true color image analysis by
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Image Pro-Plus System software was applied to determine the integrated
optical density (IOD) values for BMP-2 and BMP-7 [39]. In addition, the
calculation of ratio between IOD and islet area (pixels?) for BMP-2 and BMP-7

was determined.

Immunofluorescence procedure for insulin and glucagon double staining

Double immunostaining was performed in this experiment for insulin and
glucagon co-localization. The slides were dehydrated, and antigen retrieval was
performed as described above for 20 min. The sections were incubated in
0.01% sodium borohydride (vol/vol) for 10 min and 5% BSA in PBS for 1h at
room temperature to block nonspecific binding. Then, for the primary antibody
incubation a monoclonal anti-insulin mouse antibody (1:10,000; Abcam®, Code:
ab8304, Carlsbad, CA, USA), and a polyclonal anti-glucagon rabbit antibody
(1:500; Abcam®, Code: ab8055, Carlsbad, CA, USA) was used overnight at
4°C. Alexa Fluor 568 goat anti-mouse 1gG (red color) and Alexa Fluor 488 goat
anti-rabbit IgG (green color) (1:500, Abcam®, Code: ab175473 and ab150077,
Carlsbad, CA, USA, respectively) were used as secondary antibody for 1h at
room temperature. The sections were mounted for fluorescence with antifade
mounting media with DAPI (Vecta Shield®, Burlingame, CA, USA).
Immunostaining was visualized using a Leica TCS SP8 Confocal microscope
from Experimental Research Unit (Unipex), Botucatu Medical School, UNESP,
Brazil. For analysis of these parameters, the number of insulin and glucagon
positive cells were counted in four microscopic fields at a final magnification
(630x) from five different animals from each experimental group. The results
were presented as image demonstrating by the overlapped cells (yellow color)

in both groups.



Chart 1. Description of the primary and secondary antibodies, stages of antigen retrieval, dilution, incubation and chromogen
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Primary antibody Code Dilution Antigen retrieval Incubation Secondary antibody Dilution Incubation Chromogen Incubation MNuclei stainning
Anti tri | in the Elite Bistro® ks ith 1h &t T ture,
Anti-insulin Abcam®, Code: ab8304 1:10,000 ntigen retrieval in the LULE BISO™ pressure Cookerwith o e rnight at42C  AlexaFluor® 568, Code: ab175473  1: 500 &t room temperature - - DAPI1 - Vectashield H-1200
citrate solution (10mM pHE,0) for 25min darkroom
Anti tri | in the Elite Bistro® ks ith 1hat i ture, .
Anti-glucagon Abcam?®, Code: ab8055 1:500 ntigen retrieval in the Llite BISro™ pressure cookerWith  gyernightat42C  AlexaFluor® 488, Code: 3b150077  1:500 &t roomtemperature - - DAPI - VectaShield H-1200
citrate solution (10mM pH6E,0) for 25min darkroom
Anti tri | in the Elite Bistro® ks ith
AntiKi-67 Elabscience®, Code: EAB-22027  1:300 ntigen retrieval in the LULE BISIO™ PrEssUre CooKer with o ernight at 45C  Histofine®, Code: 414154F Readytouse 30min at 272C DAB Amin at room temperature  Harrys Hematoxilin
citrate solution (10mM pHE,0) for 30min
Anti-PDX-1 Abcam®, Code: abd7267 1:500 Free of antigen retrieval Overnight at 42C  Histofine®, Code: 414154F Ready to use  30min at 272C DAB 3min at room temperature Harrys Hematoxilin
Anti-BMP-2 Peprotech®, Code: 500-P155 1:500 Free of antigen retrieval Overnight at 42C  Goat Serum anti-Rabbit 1:500 1h at 258C MovaRed® 4dmin at room temperature Harrys Hematoxilin
Anti-BMP-7 Peprotech®, Code: S500-P198 1:500 Free of antigen retrieval Overnight at 42C  Goat Serum anti-Rabbit 1:500 1h at 258C MovaRed® Smin at room temperature Harrys Hematoxilin
D5-1:1,000 . - N N . N
R . . Antigen retrieval in the Elite Bistro® pressure cooker with R R . R R .
Anti-Ngn-3 Sigma-Aldrich®, Code: 5AB1306585 D10 - 1:400 Overnight at 42C  Histofine®, Code: 414154F Ready to use  30min at 272C DAB 2min at room temperature  Harrys Hematoxilin

D15 and D30 - 1:200

citrate solution (10mM pH6E,0) for 30min
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Statistical analysis

For the calculation of the sample size (n), a completely randomized
design with the factorial design of the Research Support Office (EAP) of
Botucatu Medical School was used. For immunohistochemical analysis, the
calculation was estimated in five animals or pool/group, with a minimum of 10
islets/animal/pancreas. Poison’s Distribution was used for comparison of
percentage of the ratio of IOD/islet area of BMP-2 and BMP-7. Gamma
Distribution was used for non-homogeneous data, as comparison of serum
insulin concentration and the ratio of (positive cells/total cells)/islet area of Ki-
67, PDX-1 and Ngn-3.

RESULTS

Streptozotocin (STZ) action in pancreatic B-cells was confirmed by
fasting glycemia at day 5 of life (D5) in all animals that received STZ at first day
of life (D1). This finding has already been verified in our laboratory and
published by Gallego et al. (2019). On D5, the STZ-induced diabetic animals
presented higher fasting glycemia (diabetic= 520 + 118 mg/dL versus control=
92 + 20 mg/dL) in comparison to nondiabetic (control) animals. These rats also
showed decreased pancreatic islet area in this life day (data not shown). From
D5 to D30, the control rats presented a progressive increase of serum insulin
concentrations, while diabetic rats presented higher insulin concentration at D5
and D30, but only at D5, the rats presented higher serum insulin concentration
compared to control group (Fig. 2).

Considering morphological analyses of experimental groups in different
moments by HE staining (Fig. 3), the control group presented no differences in
the pancreatic islet size among analyzed days, and the shape of islets was
spherical with well-defined margins, except at D15 and D30 when the islets had
an irregular shape and poorly defined margins. The diabetic group presented no
difference concerning to pancreatic islet size, but atrophied islets compared to
control group. The islet shape in diabetic animals showed irregularly and poorly
defined margins at D5, D10 and D15 (Fig. 3).

To evaluate the endocrine cell identity, proliferation and differentiation,
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the PDX-1 ratio (Fig. 4A), Ki-67 ratio (Fig. 4B), BMP-2 IOD/islet area ratio (Fig.
4C) were evaluated. Other markers, such as BMP-7 10D/islet area ratio (Fig.
4D) and Ngn-3 ratio (Fig. 4E) were analyzed. For these parameters, the
comparison between control and diabetic groups at the same day of life was
performed. In addition, the comparisons among days of life (D5 x D10 x D15 x
D30) were performed into each group. Similar to the response pattern of the
serum insulin levels, the PDX-1 ratio of control rats was significantly rising from
D10 to D30. The diabetic rats had higher PDX-1 ratio at D30. At D5 and D30,
the diabetic rats presented a higher PDX-1 ratio related to those of control
females (Fig. 4A).

Concerning to the Ki-67 ratio (Fig. 4B), the control and diabetic rats
showed significant rising on days 15 and 30 of life. The diabetic animals
showed a higher Ki-67 ratio in all moments of life compared to those of control
group.

The BMP-2 ratio (IODlislet area) in the control animals was higher at D10
compared to other days. In diabetic animals, this ratio was lower at D15 when
compared to D5, D10 and D30 (Fig. 4C). For the BMP-7 staining ratio (IOD/islet
area) in the diabetic and control animals, there were higher values at D15 in
relation to other life days (Fig. 4D). In diabetic group, BMP-7 ratio was higher in
all evaluated days compared to those of control females.

In control rats, a lower Ngn-3 ratio at D15 and a higher rate at D30 were
verified as compared to other days. Ngn-3 ratio (Fig. 4E) was significantly
different on D10, D15 and D30 in diabetic rats. There was a lower Ngn3 ratio on
D15 compared with D5 and D10. The diabetic rats also showed higher values of
Ngn-3-immunolabeled cells in relation to those of control rats.

The double staining of insulin- plus glucagon-positive cells was more
evident in both groups at D10 in pancreatic islet, and no statistical differences
were observed between control and diabetic groups in this life day (Fig. 5). On
day 5 of life, the diabetic animals showed a significant higher percentage of co-
localization when compared to control animals at D5 (Fig. 5).



28

[ Control

N
o

Bl Diabetic

RN
(@)

—
o

o
&)

Serum Insulin Levels (ng/mL)

0.0
Life days

Figure 2. Serum insulin concentrations (ng/mL) of the control and diabetic animals at different
moments of life (days 5, 10, 15 and 30 of life) (n=5 animals or pool/group).

Data expressed as the mean + standard deviation

*p<0.05 — compared with the control group considering the same day and analyzed variable
(Gamma Distribution Test).

ap<0.05 — compared with D5; Pp<0.05 — compared with D10; °p<0.05 — compared with D15
(Gamma Distribution Test)
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Control

Diabetic

Figure 3. Representative photomicrographs showing Hematoxylin and Eosin staining of control and diabetic animals at different moments

of life (days 5, 10, 15 and 30 of life) (n=5 animals/group). Scale bar: 50pm. Total magnification: 40x.
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Figure 4. Pancreatic islet of Control and Diabetic animals at different moments (days 5, 10, 15 and 30 of life). Representative photomicrographs of pancreatic islets showing
(A) nuclear PDX-1 immunostaining (red arrows), negative control and comparison between the PDX-1 ratio (x10-6) for both experimental groups at different moments; (B)
nuclear Ki-67 immunostaining (yellow arrows), negative control and comparison between the Ki-67 ratio (x10-6) for both experimental groups at different moments; (C)
cytoplasmic BMP-2 immunostaining, negative control and comparison between the |0D/islet area of BMP-2 for both experimental groups at different moments; (D)
cytoplasmic BMP-7 immunostaining, negative control and comparison between the IOD/islet area of BMP-7 for both experimental groups at different moments; (E) nuclear
Ngn-3 immunostaining (green arrows), negative control and comparison between Ngn-3 ratio (x10-6) for both experimental groups at different moments.

Total magnification: 40x. Scale bar: 50um

*p<0.05 — compared with the Control group considering the same day and analyzed variable (Gamma Distribution Test).

p<0.05 — lower letters represent significant differences compared with the analyzed days in the same group: 2compared with D5, >’compared with D10, ‘compared with D15
(Gamma Distribution Test)
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DISCUSSION

During neonatal period, the pancreatic islet cells of control animals
experienced changes in the activation of growth and transcription factors. This
occurs to adapt for new metabolic and nutritional demand, which are necessary
due to food introduction. In general, all markers evaluated in this study (Ki-67,
PDX-1, Ngn-3, BMP-2 and BMP-7) seem to act in an integrated way on the
proliferation and differentiation of pancreatic islet endocrine cells, which was
observed throughout of the entire first month of life of control and diabetic
animals. This occurs for an adequate adaptation, development of cellular
identity and establishment of adequate pancreatic function, to allow glycemic
homeostasis in control animals. However, the diabetic animals were not able to
recover the pancreatic islet function at the end of first month of life (Fig. 6),
contributing to diabetes onset.

In this study, the pancreatic islets of the nondiabetic (control) rats
presented an expected morphological characteristic, as spherical shape with
well-defined margins, throughout life corroborating the studies of Cabrera et al.
[40] and Di Cairano et al. [41,42]. During early postnatal period, the islet cells
undergo a physiological remodeling process, which consists in a functional
maturation of cells formed in fetal period and cell proliferation to increase the
islet cell mass [43]. Consequently, the pancreas is capable to respond properly
to the metabolic challenges inherent to body growth [44]. On D5 and D10, our
control animals presented a lower cell proliferative activity in pancreatic islets as
evidenced by the lower ratio of nuclear immunostaining with Ki-67/islet area.
Kaung [45] observed a higher pancreatic endocrine cell (a, B8, & and PP)
proliferation at the end of fetal period. However, there is evidence that
proliferative capability of endocrine cells decreases after birth, but continues
throughout first month of postnatal life [45], confirming our findings during the
first 30 days old of control rats.

Besides, the lower proliferation in endocrine cells in the control group on
D10 could be related to higher intensity of BMP-2, since its action has been
described for proliferative inhibiting in B-cell [46]. We verified a decreased

proliferation on D5 and D10 followed by an increase on D15 and D30 in control
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animals according to Puri et al. [47], who observed an intense proliferation of -
cells in rodents in the early postnatal stages (at postnatal day 16).

At the early postnatal life, as on days 5 and 10, we observed the
presence of overlapped cells for insulin and glucagon, which suggests cell
immaturity. This indicates that these cells could be undergoing a remodeling
process due to an extra uterine life adaptation. Ngn-3 is another marker that
determines the cell immaturity [23]. Wang et al. [48] found that Ngn-3
inactivation in B-cells of newborn mice negatively regulated the expression of
necessary several genes for endocrine differentiation and function, being the
most affected the insulin and MafA genes, suggesting that Ngn-3 can be
expressed in immature B-cells after birth [23,48,49]. Even with the Ngn-3
identification in pancreatic endocrine cells, the role of this factor after endocrine
differentiation is still unclear, since the amount of this protein in newborn cells is
much less than in embryonic endocrine progenitor cells [48]. However, the
Ngn3 presence could be an indicative that some dedifferentiation process is
happening to cells since the ratio of nuclear immunostaining with Ngn3/islet
area significantly increased on day 30 of life in control animals. Dedifferentiation
process is a regression from a mature endocrine cell to an endocrine
progenitor-like cell [50]. The BMP-7 role in pancreatic islet cells after birth is
unclear, and our results indicate some association with dedifferentiation
process. It was demonstrated in vitro that non-endocrine human pancreatic
tissue (hNEPTs), when stimulated by BMP-7, promoted the conversion of
exocrine tissue into insulin-producing cells [51,52]. We observed
immunostaining for BMP-7 in islet periphery, suggesting that it could act
preferentially in non B-cells of control animals, with greater evidence on D15.
Thus, in line with in vitro findings [51,52], we suggest that BMP-7 presence in
periphery islet might stimulate non B-cells to become insulin producers.

Related to pancreatic B-cell functional capability and cell identity, the ratio
of nuclear immunostaining with PDX-1/islet area was determined. The PDX-1
stimulates the transcription of insulin gene for synthesis in B-cells [53,54]. Then,
the PDX-1 presence in nuclei of endocrine cells in control animals indicated that
they were stimulated for insulin synthesis and secretion. This can be confirmed

by a response pattern between the findings of PDX-1 nuclear immunostaining
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and serum insulin concentration, which showed a progressive increase over the
first month of life.

Regarding the findings in diabetic animals, there was B-cells loss on the
first day of life, which led to hyperglycemia on D5, a smaller islet area and fewer
number of endocrine cells in all periods studied [29]. The pancreatic tissue
presented atrophic islets with irregular shape and poorly defined margins during
the life of diabetic animals.

A temporal response in the diabetic group followed the similar pattern of
cell proliferation in the control group. However, the proliferative activity was
greater than in control animals in all studied moments, as a compensatory
mechanism to reverse the damage caused by hyperglycemia. It is suggested
that these surviving cells belong to a population of less differentiated immature
cells that retains a higher mitotic potential [55], which might explain the greater
proliferative capacity observed in diabetic animals. The findings of BMP-2
intensity in pancreatic islet cells of diabetic animals seems to contribute to
preserve the function of remaining B-cells because can act by inhibiting the
proliferation of this cell type [46]. This fact indicates that this growth factor can
affect B-cell function, contributing to the dedifferentiation of non (3-cells.

In addition, it was observed the presence of overlapped cells for insulin
and glucagon like control group more evident at early postnatal life (D5 and
D10). At this same moment of life, diabetic animals had a higher Ngn-3 ratio,
which is related to the presence of immature cells [23]. However, the lower Ngn-
3 ratio on D15 followed by an increase on D30 could be an indicative of
dedifferentiated cells [50]. The dedifferentiation process seems to be evident by
increase of BMP-7 on D15 in diabetic group, which acts for an attempting to
identity endocrine cell recovery [51,52]. Therefore, the functional capability of
pancreatic B-cells is demonstrated by PDX-1 immunostaining, and diabetic
animals presented an increased value of this factor at the end of the first month
of life. Similar to increase of PDX, there was increase of the serum insulin
concentrations, confirming a stimulus for insulin synthesis and secretion in the
late neonatal phase of these animals.

Our results demonstrate that diabetic animals show a hyperglycemic

peak at 5 days of life, which is transient throughout the first month of life of
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these animals. Although fasting glycemic changes are not observed, these
animals showed higher glycemic levels after glucose overload during oral
glucose tolerance test at D30 [29]. A factor that contributes to the impairment of
B-cells is related to the formation and accumulation of reactive oxygen species
(ROS) induced by a hyperglycemic environment, which results in an oxidative
stress status [56]. We suggested that oxidative stress in rats led to a decreased
PDX-1 activation on p-cells, which reduced insulin synthesis, causing
hyperglycemia [38,56]. Thus, our study provides some information about
pancreatic islet cell during early postnatal period, contributing for understanding
the diabetes progression in rodents and human.

Some limitations could be mentioned on this study, such as other co-
localization for identification the relationship between pancreatic endocrine
cells, and determination of other transcription factors as BMP-4 (acts with BMP-
2), Pax-4 (specific for B-cell differentiation), MafA (specific for B-cell), MaFB and
Arx (specific for a-cell), FoxO-1 (B-cell survival and Ngn-3 relationship), and
active caspase-3 (a specific marker for death cell for contributing to
comprehend the relationship between death and proliferation cell). These
immunohistochemical analyses are planned for future studies because there
are still samples stored for these analyses, thus avoiding the use of other
animals. This makes possible to reduce animals and materials during new
experimental studies.

In conclusion, both groups presented an activity for remodeling and
adaptation to physiological stimuli, such as birth, breastfeeding and weaning. In
control animals, B-cell presents functional and mature performance in order to
adequately respond to the glycemic oscillations and, consequently, to maintain
glycemic homeostasis. Nevertheless, the capacity for remodeling and
adaptation is reduced in diabetic animals, since the greater proliferation and
activation of transcription and growth factors (BMP-2, BMP-7 and Ngn-3) were
not enough to recompose the population of B-cells, which led to functional

impairment of these cells, contributing to hyperglycemia.
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ABSTRACT

Background: STZ-induced diabetic neonatal animals present pancreatic islet
structure modifications, with functional impairment of endocrine cells. However,
the responsible mechanisms for this injury are not clear. Thus, this study aimed
to understand the condition existing in adulthood related to cell proliferation (Ki-
67), growth (BMP-2 and BMP-7) and transcription factors (PDX-1 and Ngn-3) in
pancreatic islet cells of diabetic rats.

Methods: The female newborns Wistar rats received streptozotocin at birth for
diabetes induction, and control received citrate buffer. At reproductive age (85
days of life), the animals were challenged to an oral glucose tolerance test for
glycemic assessment. At day 90 of life (D90), the female rats were euthanized,
and blood samples were collected for insulin, glucagon and HbAlc
determinations. Next, pancreas was collected and processed for
immunohistochemical analysis of insulin, glucagon, somatostatin, PDX-1, Ki-67,
Ngn-3, BMP-2 and -7 and co-localization for insulin and glucagon.

Results: The diabetic animals presented hyperglucagonemia and high levels of
HbAlc and a higher percentage of pancreatic endocrine cell proliferation,
cytoplasmic staining for BMP-2 and -7, nuclear staining for Ngn-3 and PDX-1.
Conclusion: During hyperglycemia status, the endocrine pancreatic cells try to
reestablish the B-cell mass by dedifferentiation mechanism, but it is not enough
to recover the B-cell structure and function, contributing to pancreatic injury,

which leads to diabetes and is related to future complications at adulthood.

Keywords: dedifferentiation, diabetes, islet cell, pre-pregnancy, rats.
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INTRODUCTION

The human pancreatic islets show few functional differences and are
poorly understood, but these pancreatic islets present cellular arrangement
similar to rodents [1]. The islet architecture contributes to the physiological role
of pancreatic islet to adapt to metabolic challenges and maintenance of glucose
homeostasis throughout life [2]. When the pancreatic B-cell fails to maintain the
compensatory mechanism in response to increased metabolic challenge, these
cells became dysfunctional, leading to diabetes because the body is not able to
maintain glucose homeostasis [3,4].

Concerning to mild diabetes experimental models, the streptozotocin
administration in the neonatal period of rats has been used [5-8]. STZ is a beta
(B)-cytotoxic drug capable to cause pancreatic B-cell necrosis, leading to insulin
deficiency [9,10]. STZ has short life and causes DNA damage within 24 hours
after its administration, thus the repercussions observed after STZ
administration in rats is due to hyperglycemia [11]. When this drug is
administered in the neonatal period, the animals present glucose intolerance
and declined insulin response in adult life [5,12], leading to a mild diabetes
status.

The diabetes progression has been associated with a reduction of 3-cell
mass in adult mammals, which arises due to increased apoptosis and possible
impairment of B-cell proliferation [4,13]. However, it has been proposed that 3-
cell dedifferentiation against hyperglycemic status is related to loss of B-cell
mass in mammals [4,13,14]. Dedifferentiation process is the regression of a
mature endocrine cell to an endocrine progenitor-like stage. In relation to 3-cell,
it loses or decreases the gene expression related to cell identity (PDX-1, MafA,
Glut2 and insulin), and a re-activation of endocrine progenitor genes occur such
as Ngn-3 (neurogenin 3). Therefore, these alterations lead to the same cell to
express more than one type of pancreatic hormone [4,14].

In addition, other factors that participate in the rising of pancreatic
endocrine progenitors could affect the function of mature islet cells. BMP-7
(bone morphogenetic protein 7), a growth factor that belongs to the TGF-f

(transforming growth factor — () family, during the embryonic period is
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responsible for determining the proportion of endocrine-exocrine cells [15], and
can convert exocrine tissue into endocrine, specifically insulin-producing cells
as demonstrated in vitro experiments [16]. Besides BMP-7 and BMP-2 can also
act on mature islet cells, by inhibiting B-cell proliferation [17].

However, the studies involving growth factors, cell proliferation and other
influences in pancreatic islet after and during pregnancy are unclear. Previous
investigations have shown that rats with mild diabetes during pregnancy
presented greater proliferative activity in pancreatic islet cells, as demonstrated
by immunostaining with Ki-67 [18], a marker of cell proliferation [19]. However,
these animals had reduced islet area and exacerbated glycemic values during
the Oral Glucose Tolerance Test (OGTT). These findings indicate there is a
functional impairment of pancreatic 3-cells in diabetic pregnant rats, which was
evidenced by decreased presence of nuclear PDX-1 during pregnancy [18].
When activated, the PDX-1 is translocated to the nuclei of [B-cells and
stimulates the transcription of the insulin gene for synthesis [20,21], besides
acting in the maturation of B-cells [21]. In addition, these same animals showed
a lower percentage of B-cells, followed by an higher percentage of a- and &-
cells during pregnancy [18]. However, it is already expected that the B-cells
mass increases in response to physiological insulin resistance during
pregnancy period in both human and rodent [22,23]. During pregnancy of
rodent, an increased cell proliferation is one of the mechanisms that could be
responsible for increasing B-cells mass [23,24]. Thus, it is not clear if the islet
structural modification and function impairment of pancreatic endocrine cells
occur due to physiological adaptation to pregnancy or if owing to diabetic status
due to B-cell loss during neonatal period. Therefore, we intended to
understanding the relation between cell proliferation (Ki-67) and growth (BMP-2
and BMP-7) and transcription factors (PDX-1 and Ngn-3) in pancreatic islet cells
of diabetic rats before pregnancy period (90 days of life) that might be involved

in the future complications for diabetic pregnancy.

METHODS
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Animals

Wistar rats were used and kept in the vivarium in the Laboratory of
Experimental Research in Gynecology and Obstetrics in controlled conditions of
temperature (22 + 2°C), light (12h light/dark cycle) and relative humidity (50 +
10%), with tap water and fed laboratory chow ad libitum. Female rats were
mated with males, weighing approximately 220-260 g (ratio of three females
and one male rat) to obtain female newborns (NB) for the composition of the
non-diabetic (control) and diabetic groups. The Ethics Committee on Animal
Use (CEUA) of Botucatu Medical School, Unesp, approved all the experimental

procedures applied in this study (Protocol Number: 1219/2017).

Diabetes Induction

On day of birth (DO), for diabetes induction, streptozotocin (STZ - 100
mg/kg, subcutaneous route — sc., Sigma—Aldrich®, St. Louis, MO, USA) diluted
in citrate buffer (0.10 M, pH 4.5, Sigma—Aldrich®, St. Louis, MO, USA) was
injected in 17 female newborn (NB), weighing approximately 5t1 g [8]. Five
control animals were injected only with citrate buffer (vehicle) under similar
conditions to that of the diabetic group. Blood glucose level was used as
inclusion criterion on day 5 of life (D5) for each NB. A small puncture at the
distal end of the animal's tail was made to obtain a drop of blood, which was
then used to determine the blood glucose using a conventional glucometer.
Rats given STZ with glycemia level equal to or greater than 400 mg/dL on D5
were considered as diabetic (five animals attended the inclusion criteria), and
female offspring that presented lower glycemia were discarded. For the control
group, female offspring with glycemia lesser than 120 mg/dL [25] on D5 were
included (all animals that received vehicle attended the inclusion criteria). The
female newborns were maintained with the dams until weaning and then kept in

polypropylene cages of a maximum of three rats/cage until the adult life (D90).

Experimental Groups

The experimental groups were distributed into: Control (n=5) — composed
of non-diabetic female rats, and Diabetic (n=5) — composed of streptozotocin-
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induced mildly diabetic female rats.

Oral Glucose Tolerance Test

On five days before sacrifice, the female rats were submitted to an oral
glucose tolerance test (OGTT). To confirm the diabetic status and the
development of abnormal glycemic metabolism, the animals were fasted for 6
hours and a drop of blood were collected from the tail of the rats for glycemic
determination (time point 0). Then, the rats received for an intragastric route a
glucose solution (0.2 g/mL) at a dose of 2.0 g/Kg body weight. At time points 30,
60 and 120 minutes (min) after glucose overload, the blood glucose levels were
determined. These measurements were also used to estimate the total area
under the curve (AUC) using a mathematically trapezoidal method [18,26].

Blood and pancreas sample collection

At day 90 of life, after 6 hours of fasting, the female rats were
anesthetized with sodium thiopental (Thiopentax®, Cristalia, Brazil)
intraperitoneal route — 120 mg/Kg according to Ethical Committee’s protocols)
and sacrificed by decapitation. The blood samples were collected and used to
determine HbAlc percentage, and serum insulin and glucagon levels. Then, the
animals were submitted to laparotomy for the collection of the pancreas for
histological and morphological analysis by HE staining, and immunolabeling to
identify insulin, glucagon and somatostatin positive cells in pancreatic islet; Ki-
67 and PDX-1 for pancreatic proliferation of islet cells, Ngn-3, BMP-2 and BMP-
7 for pancreatic differentiation; and, insulin and glucagon labeling to verify if

there was overlapping of these hormones in the same pancreatic cells.

Serum insulin, glucagon and glycated hemoglobin determinations

The whole blood samples were centrifuged at 1,575 x g for 10 minutes
(min) at 4°C, and the obtained serum was stored in a freezer at -80°C until the
measurement moment. The serum insulin (Crystal Chemical® - Code: 90060,
USA) and glucagon (Sigma Aldrich® - Code: RAB0202) levels were determined
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by a specific commercial kit according to manufacturer instructions. A fraction of
total blood samples was collected in tubes containing EDTA and used to
measure HbAlc by method of high-performance liquid chromatography in a

specialized laboratory.

Islet pancreatic cell morphology

Histological analysis

After dissection, the pancreas was weighed and fixed in 4%
formaldehyde for 24 hours (h). The fragments were paraffin-embedded and cut
into sections of 5 ym, using a rotary microtome and stained with hematoxylin
and eosin for conventional morphological analysis of pancreatic tissue. The
pancreatic islets were identified and the images were captured using the
computerized image system (Software KS-300, version 3.0, Zeiss®, Germany),
integrated with the digital camera image (CCD-IRIS/RGB, Sony®, China)
microscope (DMR, Leica®, Brazil). The images were analyzed regarding to
pancreatic islet size, atrophy, shape, and cell limit [27-29]. The islet area was
performed using ImageJ® software (NIH — public access).

Immunohistochemistry procedures

The slides were rinsed and rehydrated through a grade ethanol series. In
general, the immunohistochemical procedures included following steps: (1)
tissue antigen retrieval; (2) blocking of endogenous peroxidase activity; (3)
blocking non-specific proteins; (4) incubation with the primary antibody; (5)
incubation with the secondary antibody; (6) peroxidase revelation using a
specific chromogen; and (7) counterstaining with Harris’s Hematoxylin. Negative
controls were performed for all antibodies by omitting the primary antibody step
similar to described by Gallego et al. [8]. The Chart 1 (Additional file 1)
described the stages of antigen retrieval, primary and secondary antibodies,
dilutions, incubations, and chromogens used for all immunohistochemical
procedures used in this study.

The immunolabeled sections were quantitatively evaluated for insulin,
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glucagon, and somatostatin for determination of the endocrine pancreatic cells
and semi-quantitatively evaluated for Ki-67, PDX-1, Ngn3, BMP-2 and BMP-7
for cell proliferation, identity, and differentiation. For insulin, glucagon,
somatostatin, Ki-67, PDX-1 and Ngn-3 immunostainings the images were
captured through the computerized image system (Software KS-300, version
3.0, Zeiss®), which receives a digital camera image (CCD-IRIS/RGB, Sony®),
coupled under a microscope (DMR, Leica®). For BMP-2 and BMP-7 the images
were captured through the computerized image system (Software Olympus®
DP MANAGER,), which receives a digital camera image (Olympus® DP71),
coupled under a microscope (Olympus® CX21).

The percentage of present cells in the pancreatic islet was performed by
the ratio between the number of positive cells for each marker (insulin,
glucagon, and somatostatin) and the number of total cells in the islet. The value
obtained was multiplied by 100 [18,30]. The Ki-67 is a cellular marker for
proliferation and is present during all active phases of the cell cycle but is
absent in quiescent cells [19,31]. The previous analysis revealed Ki-67 staining
in pancreatic islet cell nuclei. Therefore, the Ki-67-positive immunostained cell
nuclei ratio were counted in 10 microscopic fields at a final magnification 400 x
(10 x eyepiece and 40 x/0.65/=/0.17 objective) from five different animals from
each experimental group. The results are expressed as a Ki-67 ratio [(number
of labeled nuclei/total number of cell in islet) / islet area)]. The counting was
performed using ImageJ® software (NIH — public access).

PDX-1 and Ngn3 have been present in the cytoplasm and nuclei of all
endocrine pancreatic cells. For the purpose of this study, we considered only
the staining in pancreatic nuclei, because the transcription factors were being
activated in the cell nuclei [32]. The PDX-1 and Ngn3 immunostaining analyses
were performed by ratio between nuclei counting and number of total cells for
islet area, and it was presented as PDX-1 ratio and Ngn-3 ratio.

The immunolabeling for BMP-2 and BMP-7 in nuclei was not observed,
but only in the cytoplasm. Then, the true color image analysis Image Pro-Plus
System software was applied to determine the integrated optical density (I0D)
values for BMP-2 and BMP-7 [33]. In addition, the calculation of ratio between

IOD and islet area (pixels?) for BMP-2 and BMP-7 was determined. The value
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obtained was multiplied by 100.

Immunofluorescence procedure for insulin and glucagon double staining

Double immunostaining was performed in this experiment for insulin and
glucagon co-localization. The slides were dehydrated, and antigen retrieval was
performed as described above for 20 min. The sections were incubated in
0.01% sodium borohydride (vol/vol) for 10 min and 5% BSA in PBS for 1h at
room temperature to block nonspecific binding. Then, for the primary antibody
incubation, a monoclonal anti-insulin mouse antibody (1:10,000; Abcam®,
Code: ab8304, Carlsbad, CA, USA) and a polyclonal anti-glucagon rabbit
antibody (1:500; Abcam®, Code: ab8055, Carlsbad, CA, USA) were used
overnight at 4° C. Alexa Fluor 568 goat anti-mouse IgG (red color) and Alexa
Fluor 488 goat anti-rabbit IgG (green color) (1:500, Abcam®, Code: ab175473
and ab150077, Carlsbad, CA, USA, respectively) were used as secondary
antibody for 1h in room temperature. The sections were mounted for
fluorescence with antifade mounting media with DAPI (Vecta Shield®,
Burlingame, CA, USA). Immunostaining was visualized using a Leica TCS SP8
Confocal microscope. For analysis of these parameters, the number of insulin
and glucagon positive cells were counted in four microscopic fields at a final
magnification (630 x) from 5 different animals from each experimental group.
The results were presented as image demonstrating by the overlapped cells

(yellow color) in both groups.

Statistical analysis

For the calculation of the sample size (n), a entirely randomized design
with the factorial design performed by Research Support Office (EAP) of
Botucatu Medical School was used. For immunohistochemical analysis, the
calculation was estimated in 5 animals/group, with a minimum of 10
islets/animal/pancreas. Poison’s Distribution was used for comparison of
percentage of immunostained for insulin-, glucagon- and somatostatin-positive
cells, and the ratio of IOD/islet area of BMP-2 and BMP-7. For the OGTT, islet

area, serum insulin concentration, Ki-67 ratio, PDX-1 ratio and Ngn-3 ratio,
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Gamma Distribution Test was used. The glucagon levels, glycemia obtained by
area under curve (AUC) and HbAlc percentage were analyzed by Student t

test. For all comparison, p<0.05 was considered as significant limit.
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Chart 1. Description of the primary and secondary antibodies, stages of antigen retrieval, dilution, incubation and chromogen

Primary antibody Code Dilution Antigen retrieval Incubation Secondary antibody Dilution Incubation Chromogen Incubation Nuclei stainning
Anti, tri | in the Elite Bistro® ks ith 1hat i ture, R
Anti-insulin Abcam®, Code: ab8304 1:10,000 ntigen retrieval in the LILE BISIro™ Pressure Cookerwith o o - ight at 42C  AlexaFluor® 568, Code: ab175473  1:500 st room temperature, - - DAPI - Vectashield H-1200
citrate solution (10mM pHE,0) for 25min darkroom
. . . o .
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RESULTS

The oral glucose tolerance test (OGTT) (Fig.1A), area under curve
analysis (AUC) (Fig.1B) and HbAlc levels were used to confirm the diabetic
status. During the OGTT, the animals that received STZ had increased serum
glucose levels during fasting, at 30 and 60 min after glucose overload compared
to control animals. Besides, an elevated circulating glucose levels per minute in
AUC calculation during OGTT in diabetic animals was observed. The HbAlc
percentage were higher in diabetic group (9.08+0.93%) compared to non-
diabetic (control) group (2.98+0.24%) (data not shown). In adulthood (D90), the
serum insulin levels presented no statistically significant difference (p = 0.06)
between the experimental groups (Fig.1C), while the glucagon levels were
higher in diabetic group (p<0.05) compared with the control rats (Fig.1D). In
addition, the AUC values and serum glucagon levels showed a positive
correlation with the HbAlc levels (p = 0.0059 and p = 0.020, respectively).

Figure 2 presents the morphological analyses of pancreatic islet
observed by hematoxylin and eosin (H&E). The islets showed a rounded shape
and well-defined limits in both groups. However, the diabetic animals presented
smaller islets as observed by the islet area analyses (Fig.2A). There was a
lower percentage of positive-insulin cells (Fig.2B) and a higher percentage of
positive-glucagon (Fig.2C) and positive-somatostatin cells (Fig.2D) in the
diabetic rats in relation to the control rats.

The figure 3 shows the results related to ratio of proliferation,
differentiation, and cellular identity. The staining ratio of cell proliferation marker
(Ki-67) (Fig.3A) was significantly increased in islet cells nuclei in diabetic group,
with predominance of staining in periphery cells in both groups. The diabetic
animals presented increased immunostaining intensity for Ngn-3 ratio (Fig.3B)
as well as the nuclear labeling for PDX-1 ratio (Fig.3C).

Figure 4 represent the BMP-2 and -7 images. The diabetic animals
presented increased immunostaining intensity for BMP-2 (Fig.4A) and BMP-7
(Fig.4B).

The figure 5 shows representative images of glucagon (green) and

insulin (red). No co-localization was observed at adulthood in both groups. The
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figure 6 is a representative diagram to summary the major results found in this

study.
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Figure 1. Glucose tolerance test for control and diabetic animals. (A) Oral Glucose Tolerance
Test (OGTT) at 85 days of life. (B) Total area under curve at 85 days of life. (C) Serum insulin
levels (ng/mL). (D) Serum glucagon levels (ng/mL) of the control and diabetic animals at 90
days of life

Data expressed as mean * standard deviation (n = 5 animals/group/moment).

*p<0.05 — compared with the control group (Gamma Distribution for OGTT; Student t test for
AUC data, insulin, and glucagon).
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Figure 2. Pancreatic islet morphology. (Right panel) Representative photomicrographs of
pancreatic islets of control and diabetic rats at 90 days of life showing Hematoxylin & Eosin
staining, anti-insulin, anti-glucagon, and anti-somatostatin immunostaining. Scale bar: 50um.
Magnification: 40x. (A) Pancreatic islet area. (B) Comparison between the percentage of cells
immunolabeled for insulin; (C) Comparison between the percentages of cells immunolabeled for
glucagon; (D) Comparison between the percentages of cells immunolabeled for somatostatin for
both experimental groups.
Data expressed as mean =*
islets/group).

*p<0.05 — compared with the control group (Gamma Distribution for pancreatic islet area and
Poisson Distribution for insulin-, glucagon- and somatostatin-positive cells)

standard deviation (n = 5 animals/group/moment and 50
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Figure 3. Pancreatic islet of control and diabetic animals at 90 days of life. (Right panel).
Representative photomicrographs of pancreatic islets showing Ki-67, Ngn-3, and PDX-1
immunostaining. Magnification: 40x. Scale bar: 50um. (A) Ki-67 ratio (x10-6); (B) Ngn-3 ratio
(x10-6); (C) PDX-1 ratio (x10-6), in pancreatic islet for both groups.

Data expressed as mean * standard deviation (n = 5 animals/group/moment and 50
islets/group).

*p<0.05 — compared with the control group (Poisson Distribution)
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Figure 4. Pancreatic islet of control and diabetic animals at 90 days of life. (Right panel).
Representative photomicrographs of pancreatic islets showing BMP-2 and BMP-7,
immunostaining. Magnification: 40x. Scale bar: 50um. (A) IOD/islet area of BMP-2; (B) IOD/islet
area of BMP-7 in pancreatic islet for both groups.

Data expressed as mean * standard deviation (n = 5 animals/group/moment and 50
islets/group).

*p<0.05 — compared with the control group (Poisson Distribution)
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and merged images for control and diabetic groups at 90 days of life. Total magnification: 63x.
Scale bar: 50um.
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DISCUSSION

During the diabetes progression, there is a gradual decrease in (-cell
mass and their function [13,34]. Studies carried out using pancreas of
individuals with Type 2 diabetes during human autopsy revealed a reduced (-
cell mass about 50% lower compared to non-diabetic individuals [35-38].
Nevertheless, the mechanisms involved in [B-cell reduction are not well
understood. In our experimental model, we observed a reduction in the
percentage of insulin-positive cells and an increase in glucagon- and
somatostatin-positive cells. In addition, the islet area was reduced, which
corroborates the human findings about B-cell reduction in diabetic individuals.
Thus, this model was capable to develop glycemic changes and morphological
alterations in pancreatic islet of diabetic animals, which supports better
comprehend the pathophysiological mechanisms involved in diabetic syndrome.

Throughout first month of postnatal life and during pregnancy, the
diabetic animals showed greater proliferative activity [8,18]. These periods are
considered critical for pancreatic development and lead to adaptations of this
micro-organ [8,18,39,40]. Thus, the pancreatic endocrine cells of diabetic
animals show greater proliferative activity throughout all life, including during
adulthood (D90), as evidenced in our findings by Ki-67 marker. However, this is
not sufficient to recover the islet structure in diabetic group. For better
understanding of mechanisms related to cell proliferation in pancreatic islet,
some important growth and transcription factors for pancreatic embryonic
development and for endocrine cell specification and differentiation were
evaluated. The proportion of BMP-2 immunostaining by the islet area was
higher in diabetic animals. The BMP-2 are described as responsible by
inhibiting the proliferation of p-cell [17]. Thus, we can infer that possibly the role
of this growth factor in adulthood is to prevent the functional capacity of B-cell in
these animals. Besides, the non-beta endocrine cells are likely proliferating in
the diabetic animals.

Considering the Ngn-3 evaluation, this factor is not typical in adult
animals, but the increased Ngn-3 immunostaining in mature islet cells from

diabetic animals could be responsible for B-cell dysfunction [14,41]. During
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embryonic pancreatic development, the Ngn-3 is a marker for immature cells
which is essential for B-cell maturation process (TALCHAI et al., 2012).
However, at adult age it is not observed any overlapped cells in both groups.
Thus, the presence of Ngn-3 indicates that these cells are possible undergoing
a dedifferentiation process. During this process, the cells have no well-defined
cell identity and became insulin- and/or glucagon- and/or somatostatin-positive
cells [4], as a compensatory mechanism against hyperglycemia. This explains
the difference in proportion of cell types in pancreatic islets and higher serum
glucagon concentrations in the diabetic animals. Besides, the
hyperglucagonemia is a result of an imbalance of regulatory mechanisms for
pancreatic adaptation due to hyperglycemia and the presence of insulin
resistance [4,42].

Besides the dedifferentiation processes that occur in islet cells, the
presence of BMP-7 appears to be an indicator showing non [B-cells are
differentiating into insulin-producing cells. The BMP-7 immunostaining in
pancreatic cells after birth is not well understood. Our research group appears
to be the first to show the presence of BMP-7 in pancreatic islet cells, both in
neonatal (Miranda et al., 2020 — manuscript in preparation) and adulthood in
control and diabetic animals. A study using cell culture of non-endocrine human
pancreatic tissue (hNEPTS) showed that after stimulation with BMP-7, these
cells were able to synthesize insulin [16,43]. Then, we suggest that this growth
factor can act probably on cell differentiation in non B-cells population.
Nevertheless, it is not yet clear what role this growth factor plays on pancreatic
islet cells after birth and it is necessary more studies for better understanding.

The nuclear immunolabeling for PDX-1 is increased in diabetic animals at
D90, unlike the first month of life (Miranda et al., 2020 - manuscript preparation)
and pregnancy [18] of these animals when this marker were decreased for
diabetic group. The increase of nuclear PDX-1 might be related to a
compensatory mechanism for hyperglycemia, as confirmed by OGTT and
HbAlc in diabetic animals. For PDX-1 be activated, elevated levels of serum
glucose are necessary, so PDX-1 is translocated to the nuclei and activation of
insulin synthesis [20,21,32]. Thus, the functional capability of the some B-cells,
which are complete mature and functional, is slightly greater. These findings
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can be evidenced by the increased presence of PDX-1 and BMP-2 in D90,
since the serum insulin levels did not differ between groups. Perhaps other
transcription factors related to survival of B-cells, as TGF-B/STAT3/FoxO1
signaling pathway. These factors might be linked to maintenance of other
transcription factors responsible for the identity of B-cells, such as PDX-1 and
MafA [14,44]. It is important to note the immunostaining for BMP-2 and BMP-7
was still not studied in control or diabetic rats during pregnancy. However, our
research team has also been analyzing these growth factors in this period.

In adulthood, the pancreatic islet cells of diabetic animals showed a
higher proliferative (Ki-67 and BMP-2) capability and an increased presence of
dedifferentiation markers (Ngn-3 and BMP-7) followed by hyperglycemia.
However, even with a decrease in the beta cell population, they were able to
synthesize and secrete insulin during fasting. In addition, the increase in the
percentage of alpha and delta cells it is related with the presence of
hyperglucagonemia.

Some limitations could be mentioned on this study, such as the analysis
of other co-localization for identification of relationship among endocrine cells of
pancreas, and determination of other transcription factors as BMP-4 (because
acts with BMP-2), Pax-4 (specific for B-cell differentiation), MaFA (specific for
mature B-cell), MaFB and Arx (specific for mature a-cell), FoxO-1 (B-cell
survival and Ngn-3 relationship), and active caspase-3 (a specific marker for
cell death and might contribute for better understanding the relationship
between death and proliferation cell). These immunohistochemical analyses are
planned for future studies in our laboratory because there are still samples
stored for these analyses, thus avoiding the use of other animals. This makes it
possible to reuse samples and reduce animals and materials during new

experimental studies.

CONCLUSION

In view of our findings, the pancreatic islet cells are capable to activate
some transcription (Ngn-3) and growth (BMP-2 and BMP-7) factors responsible

to B-cell mass recovery at adulthood. However, this activation does not seem
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enough to reestablish the morphological structure and function of insulin-
producing cells after massive loss of these cells during neonatal period. Thus,
the impaired repercussions on endocrine pancreatic cells are related to deficient

restoration in endocrine cells throughout life.
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