90707 Auto Edited-check.docx



Long-term effects of gestational diabetes mellitus on the pancreas of female mouse

offspring

Munoz-Islas E et al. Pancreatic changes in offspring by GDM

Abstract

BACKGROUND

Prolonged fetal exposure to hyperglycemia may increase the risk of developing
abnormal glucose metabolism and type-2 diabetes during childhood, adolescence, and
adulthood; however, the mechanisms by which gestational diabetes mellitus (GDM)

predisposes offspring to metabolic disorders remain unknown.

AIM
To quantify the nerve axons, macrophages, and vasculature in the pancreas from adult

offspring born from mouse dams with GDM.

METHODS

GDM was induced by i.p. administration of streptozotocin (STZ) in ICR mouse dams.
At 12 wk old, fasting blood glucose levels were determined in offspring. At 15 wk old,
female offspring born from dams with and without GDM were sacrificed and pancreata
were processed for immunohistochemistry. We quantified the density of sensory [gene-
related peptide (CGRP)] and tyrosine hydroxylase (TH) axons, blood vessels
(endomucin), and macrophages (CD68) in the splenic pancreas using confocal

microscopy.

RESULTS
Offspring mice born from STZ-treated dams had similar body weight and blood glucose
values compared to offspring born from vehicle-treated dams. However, the density of

CGRP* and TH* axons, endomucin* blood vessels, and CD68* macrophages in the




exocrine pancreas was significantly greater in offspring from mothers with GDM vs
control offspring. Likewise, the microvasculature in the islets was significantly greater,
but not the number of macrophages within the islets of offspring born from dams with

GDM compared to control mice.

CONCLUSION
GDM induces neuronal, vascular, and inflammatory changes in the pancreas of adult
progeny, which may partially explain the higher propensity for offspring of mothers

with GDM to develop metabolic diseases.
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Core Tip: Gestational diabetes mellitus (GDM) predisposes offspring to develop
metabolic disorders later in life, however, the underlying mechanisms are unknown.
Here, using a well-established model of GDM, we report that while GDM did not
modify body weight or blood glucose, it significantly increased the density of nerve

axons, blood vessels and macrophages in the pancreas of adult offspring born from

dams with GDM.

INTRODUCTION

Gestational diabetes mellitus (GDM) is one of the most common complications
associated with pregnancy and is defined as any degree of glucose intolerance that

occurs with the onset or during pregnancyl’l. The prevalence of GDM has increased
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substantially in the last few decades, occurring in up to 25% of pregnancies in certain
populationsl2l. GDM not only results in negative effects on mothers but also on their
offspring[!3l. Epidemiological studies show long-term neurological, cardiovascular, and
endocrinological complications in offspringl+®l. Prolonged fetal exposure to
hyperglycemia may increase the risk of developing abnormal glucose metabolism and
type-2 diabetes (T2D) during childhood, adolescence, and adulthood!®?l. However, the
mechanisms that contribute to the development of metabolic disorders following
maternal hyperglycemia remain elusive.

Recently, there has been considerable scientific interest in understanding the role of
pancreatic innervation in regulating glucose metabolism(!?l. Sympathetic and sensory
nerve fibers innervate the exocrine and endocrine pancreas/ 4. In experimental
diabetes, increased sympathetic innervation of islets has been shown to convey
inhibitory signals reducing insulin production and releasel'>'¢l, Clinically, sympathetic
hyperactivity precedes the development of diabetes in young non-obese Japanesell7]
and Korean[8l adults. Similarly, sensory neuron innervation is also associated with the
regulation of glucose metabolism in experimental diabetes. In rats with spontaneous
non-insulin-dependent diabetes, there is an increased density of sensory nerve fibers
innervating the pancreas that occurs before the development of hyperglycemial®l.
Furthermore, several studies demonstrate an inhibitory influence of sensory neuron-
derived neuropeptides on insulin production and sensitivity[20-211,

Previous reports have shown that patients with T2D have increased density of blood
vessels surrounding islets compared to healthy individuals(?2l. Additionally, in rodent
models of spontaneous diabetes, several cellular and vascular abnormalities occur in
pancreatic tissue at pre-diabetic stages. Enhanced vascular endotheljgl growth factor
(VEGF) levels have been reported to occur in b-cells leading to disorganized,
hypervascularized, and fibrotic islets, progressive macrophage infiltration, and
increased proinflammatory cytokine productionl.24l. Altogether, these findings suggest
that pathological changes might occur in pancreatic tissue at prediabetic stages even

prior to quantifiable hyperglycemia and/or insulin resistance.
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Adult mouse offspring born from dams with GDM are more susceptible to
developing metabolic disordersl2526; however, the underlying pathogenic mechanisms
are not fully known. The current study aims to assess whether there are changes in the
sensory and sympathetic innervation, vascularization, and macrophage infiltration in
pancreatic tissue from adult mouse offspring born from dams with streptozotocin

(STZ)-induced GDM.

MATERIALS AND METHODS

Animals

Male (n = 10) and female ICR (n = 20) mice were purchased from Bioinvert aboratories
(Mexico City, Mexico) at an age of 10-12 wk (body weight 20-25 g). They were given one
week to acclimate before use. These animalsﬁere used for mating and posterior female
offspring mice and all of them were housed at a temperature of 22 °C + 2 °C, maintained
on a 12:12 h light/dark cycle, with free acgess to food and water following the Norma
Oficial Mexicana NOM-062-ZOO-1999. All animal experiments were conducted
following the national guidelines and the relevant national laws on the protection of
animals. Efforts were made to minimize the number of animals used

Gestational diabetes model

Mice were mated overnight, two or three females per male. The presence of a vaginal
plug the next morning indicated gestation day 0.5 (GD 0.5). Gestational diabetes was
induced by intraperitoneal administration of STZ (catalog number S0130; Sigma-
Aldrich Co.) dissolved in sodium citrate buffer (pH: 45 0.1 M). The STZ was
administrated for three consecutive days as follows: 100 mg/kg on gestational day 6.5,
100 mg/kg on gestational day 7.5, and 80 mg/kg on gestational day 8.57l. Other
pregnant mice were administered sodium citrate buffer (pH: 4.5, 0.1 M) on the same
days of gestation (vehicle group, VEH). Dams were randomly allocated to receive STZ
or vehicle (Figure 1A). Dams treated with STZ were considered to experience GDM

when glucose concentrations were higher than 11.1 mmol/L[2%2%. Based on this
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criterion, the GDM model was confirmed through the determination of blood glucosg of
the dams 48 h after the last STZ or VEH administration (at 10.5 d of gestation). The
concentration of blood glucose through the caudal vein was measured (mmol/L;
Accutrend Plus, Roche) following a 6-h fasting period (Figure 1A). In each offspring
group, mice were born from at least 4 different dams. The offspring were weaned at 20-
21 d old. Due to our previous study showing no differences in blood glucose
concentrations and oral glucose tolerance test between male and female offspring at 14-

16 wk old®), only female offspring were used in this study.

Tissue harvesting and immunohistochemistry

Female mice were humanely sacrificed at 15 wk of age, through deep anesthesia with a
mixture of ketamine and xylazine (100/10 mg/kg) followed by transcardiac perfusion,
first with phosphate-buffered saline (PBS, 0.1 M, pH: 7.4, 4 °C) and followed by 4%
paraformaldehyde in PBS (Figure 1A). The pancreas was dissected from the peritoneal
visceral, leaving the spleen and duodenum associated as anatomical referencel3ll.
Following dissection, tissue specimens were post-fixed for 24 h in the same fixative at 4
°C. Then, the tissue specimens were cryoprotected in 30% sucrose solution at 4 °C for at
least 48 h before the tissue was processed for IHC. The pancreata were embedded in
Tissue Plus® (catalog Fisher HealthCare, Houston, TX, Unjted States) and cut on a
cryostat (Leica CM1900, Leica Biosystems, II, United States) at a thickness of 40 pm in
the frontal plane and mounted on glass microscope slides (Superfrost Plus, Fisher
Scientific). The pancreatic sections were incubated for 12 h at room temperature with
primary antibody against gene-related peptide (CGRP, polyclonal rabbit anti-mouse
1:3000; Sigma Aldrich; catalog number C8198) to label primary afferent sensory
peptidergic nerve fibers. Sympathetic nerve fibers were labeled with primary antibody
against tyrosine hydroxylase (TH, polyclonal rabbit anti-mouse 1:1000; EMD Millipore;
catalog number AB152). An anti-endomucin (monoclonal rat anti-mouse 1:500; Santa
Cruz; Catalog Number SC-65495) antibody was used for blood vessels. For activated

macrophages, an antibody against CD68 primary antibody (Macrosialin; monoclonal rat
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anti-mouse 1:3000; Bio-Rad; catalog number MCA1957) was employed. Subsequently,
preparations were washed in PBS and then incubated for 3 h with the secondary
antibody (Cy3 monoclonal donkey anti-rabbit 1:600; Jackson ImmunoResearch; Catalog
number 711-165-152 and Cy2 monoclonal donkey antiﬁat 1:300; Jackson
ImmunoResearch; Catalog number 712-225-150). Then, pancreatic sections were washed
in PBS, dehydrated through an alcohol gradient (70%, 80%, 90%, and 100%), cleared in
xylene, and coverslipped with a DPX mounting medium. Nuclear stain 4,6-diamidino-
2-phenylindole (DAPI; 1:20000; Invitrogen; catalog number D21490) was used to

visualize all cell nuclei.

Quantification of the density of nerve fibers, blood vessels, and macrophages

Previous studies have shown that the density of islets of Langerhans[®, as well as the
density of sympathetic nerve fibersPl, is not significantly different between the
duodenal and splenic pancreatic regions. Thus, in the present study, we determined the
density of nerve fibers, blood vessels, and macrophages only_in the splenic pancreas
(Figure 1D). For this purpose, approximately 12 separate 40-pm-thick frozen sections
were obtained from the pancreas of each mouse. To quantify nerve fibers (CGRP and
TH), one jmage per section was acquired within the acinar tissue in the splenic pancreas
through a Carl Zeiss scanning confocal laser microsaﬁe (Model LSM 800, Jena
Germany) using a 20 x air, scan zoom 2.0 objective. Then, images were analyzed using
Image] software (National Institutes of Health) and nerve fibers were manually traced
by a blinded investigator, using the freehand line tool, to determine the total length of
nerve fibers. Data from at least three sections per mouse (separated by at least 100 um)
from the splenic pancreas were recorded and averaged. The total volume was
calculated by tracing the area of the image and multiplying it by the thickness of the
section (40 pm). The signal /noise ratio for nerve profiles within the islets was very low
which did not allow us to obtain reliable quantification. Therefora the density of nerve
fibers was performed only in the exocrine pancreas. Data were expressed as the total

length of nerve fibers per volume of the acinar pancreatic tissue (mm/mm?).
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The quantification of the density of CD68-immunoreactive cells in pancreatic tissue
was adapted from previous studies[33-35l. After IHC staining, three confocal images were
acquired with a 20x air objective (aperture of 0.5; scan zoom 2.0 x). Areas with greater
CD68* expression were identified in the acinar cells or the islets of Langerhans of the
splenic pancreas located 3 mm away from the spleen. Quantification was performed by
visualizing all focal planes of the Z-axis counting as positive those CD68* profiles
having one DAPI-stained nucleus. The number of cells was calculated in Imm? of
volume. For pancreas islets, it was considered the area of the islet.

The quantification of the density of endomucin-immunoreactive blood vessels was
made both in acinar cells and islets of Langerhans (Figure 1D). One_image per section
was acquired within the acinar cells in the splenic pancreas with an epifluorescence
microscope (Axio Scope.Al, Carl Zeiss, Jena, Germany; 20 x), or in the islets of the
pancreas with a confocal microscope. The number of blood vessels was determined in
three different sections of the splenic pancreas. A blood vessel was counted only when
it had a diameter between 2-10 pm[35l. The results were expressed as the mean number
of blood vessels per area of interest (mm?). The area was obtained for acinar cells

tracing the image, and for islets, it was adjusted per total islet area.

Immunohistochemistry on whole pancreatic tissue
This clearing method was adapted from a previous studyl3¢l. Briefly, intestines and
mesenteric fat tissues were carefully dissected at the level of the pancreas and
duodenum. stines were flushed with PBS 0.01 M using a 23G syringe to remove
fecal content. The tissues were fixed with 4% paraformaldehyde at 4 °C for 24 h and
then washed with PBS 0.01 M three times for 1 h each. The samples were dehydrated
with gradients of ethanol (20%, 40%, 60%, and 80%) and then incubated at 4 °C
overnight with a solution of 30% H>O, and 100% ethanol (1:10) to decolorize. The
tissues were rehydrated through reverse ethanol gradients for 30 min each (100%, 80%,

60%, 40%, and 20%) and 0.01M PBS for 1 h twice. The samples were permeabilized with
a solution containing 0.2% Triton X-100 (Sigma Aldrich, Catalog Number X-100), 0.1%
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Deoxycholate sodium (Sigma Aldrich, Catalog Number D6750-25G), 10% DMSO (Fisher
Bioreagents, Catalog Number BP231-1), in 0.01 M PBS (solution pH 6.5) and incubated
for 72 h at 37 °C. Subsequently, the samples were blocked with 0.2% Triton X-100/10%
DMSO/5% Normal Donkey Serum/10 mg/mL heparin (Sigma Aldrich, Catalog
Number H3393-100KU) in 0.01M PBS solution for 24 h (solution pH: 6.5). Then the
samples were stained with primary antibody against endomucin and secondary
antibody (Cy3 monoclonal donkey anti-rat 1:600) for 72 h each at room temperature.
Later, whole pancreatic tissue was washed with 0.01 M PBS and dehydrated with
gradients of ethanol. Finally, the samples were mounted in the histology chamber, and
cleared in dibenzyl ether (Sigma Aldrich; Catalog number 108014-1KG). Three-
dimensional imaging of islets of Langerhans was obtained using a ZEISS LSM 800
confocal microscope with a 20 x air objective. Imaris Viewer Version 10.0.1 software

package for Windows (Oxford Instruments Inc.) was used to generate 3D images.

Statistical analysis

Datavere represented as the mean + SEM of groups of 5 mice each. Either a student ¢-
test or two-way repeated measures ANOVA followed by a Tukey post loc test was run
when appropriate. Statistical significance was accepted at P < 0.05. All statistical
analyses were performed using GraphPad Prism version 8.0 software package for

Windows (GraphPad Software Inc., San Diego, CA, United States).

RESULTS

Effects of STZ-induced GDM on blood glucose levels and body weight of adult mice
offspring

The administration of STZ in dams resulted in fasting blood glucose levels of (13.26
mmol/L + 1.18 mmol /L), which were significantly higher as compared to those dams
treated with vehicle (9.57 mmol/L + 0.26 mmol/L). To determine the influence of GDM
on the development of offspring, body weight was registered every week, and fasting

blood glucose levels were determined at week 12 of age (Figure 1A). There were no
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significant charﬁes in body weight (Figure 1B) or blood glucose levels (Figure 1C) of
offspring born from dams treated with STZ compared to offspring born from dams

treated with vehicle.

STZ-induced GDM increased the density of semsory and sympathetic nerve fibers
innervating the acinar pancreatic tissue from adult female offspring

Sensory and sympathetic nerve fibers innervating the acinar cells from the splenic
pancreas were detected using CGRP and TH antibodies, respectively. Representative
confocal images show CGRP- (Figure 2A and B) and TH- (Figure 2D and E)
immunoreactive nerve fibers present along the acinar cells. CGRP nerve fibers (Figure
2A) were less prominent than TH nerve fibers (Figure 2D) in control tissue. However,
exocrine pancreatic tissue from adult offspring born from mice treated with STZ
showed a significantly greater innervation of sensory CGRP (Figure 2B and C), and
sympathetic TH (Figure 2E and F) fibers as compared to control mice (Figure 2A and
D).

GDM increases blood vessel density both in acinar cells and islets of langerhans
Endomucin-positive blood vessels were distributed throughout acinar tissue and had a
tortuous appearance (Figure 3A and B). Quantitative analysis using confocal images
showed that the density of blood vessels in offspring born from dams treated with STZ
(Figure 3B and C) was significantly higher compared with offspring treated with
vehicle (Figure 3A).

Endomucin immunoreactivity showed blood vessels well distributed through the
pancreatic islet. These endomucin* blood vessels had a tortuous form. They were in a
greater number in the tissue of offspring born from STZ-treated dams (Figure 3E) as
compared to the control group (Figure 3D). The quantitative analysis revealed that
GDM induced a significant increase in the number of blood vessels per total islet area in
offspring from GDM dams as compared with offspring from dams treated with vehicle

(Figure 3F). The islet area in offspring born from control dams was 124284.25 pm? +
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992.40 pm? and this tends to decrease to 91431.23 pm? + 1382.00 pm? in progeny from
dams with STZ-induced GDM (P = 0.355; unpaired t-test). Additionally, a solvent-based
clearing method from whole pancreatic tissue was used to visualize the distribution of
the blood vessels in an intact whole islet of langerhans. Three-dimensional imaging of
the islet showed increased intra-islet vasculature in offspring from GDM dams vs

offspring from control dams (Figure 3G and H).

STZ-induced GDM increased the density of macrophages in the exocrine, but not the
endocrine pancreatic tissue of adult female offspring

Immunohistochemical and confocal analysis revealed that macrophages are uniformly
distributed in the acinar cells and pancreatic islets. In the acinar cells, the CD68*
macrophages in the control tissue (Figure 4A) had a smaller size compared to those in
the pancreatic tissue of adult offspring born from dams with GDM (Figure 4B).
Macrophages in the acinar cells of GDM offspring also had a hypertrophied
multivacuolated appearance Wicative of active phagocytic macrophages (Figure 4B).
GDM induced a statistically significant increase in the number of macrophages in the
acinar pancreatic tissue of the offspring as compared to the control group (Figure 4C).
On the other hand, quantitative analysis using confocal images shows that
macrophages in the pancreatic islets were distributed at the same proportions in the

control group (Figure 4D and F) compared to the STZ group (Figure 4E).

DISCUSSION

This study reports for the first time that while adult offspring born from STZ-induced
GDM do not exhibit alterations in body weight and glucose levels as compared to their
age-matched respective controlsl®], they have significant alterations at a cellular level in
their pancreas. These include an increased density of a subset of sensory and
sympathetic nerve fibers innervating exocrine pancreatic tissue along with an enhanced

vasculature and macrophage infiltration in the exocrine pancreas. It was also found that
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there is an increased vasculature within the islets in these adult offspring exposed to
GDM.

Both in the present study and in our previous reportl®], we found that levels of blood
glucose and glucose tolerance in adult mouse offspring (15 wk old) were not
significantly i ired. Accordingly, adult mouse offspring born from dams with STZ-
induced GDM at 3-6 months of age had normal blood glucose levels and did not exhibit
any glucose intolerancel?’l. However, it is possible to hypothesize that GDM-induced
fetal hyperglycemia could program the body to respond differently to metabolic
challenges later in life, increasing the susceptibility to develop metabolic alterations and
dysfunction in glucose metabolism when they are older. In support of this, a recent
study showed é‘lat while mice offspring born from dams with GDM are
normoglycemic, they are more susceptible to becoming glucose intolerant when they
are exposed to a short period of a high-fat diet®l. Additionally, mouse offspring born
from STZ-induced GDM dams develop both impaired glucose tolerance and decreased
insulin sensitivity when they are 40 wk, but not, at 12 wk oldI2el.

It has been reported that the risk of prediabetes/diabetes in the offspring of mothers
with GDM is eight times greater compared to offspring from mothers without GDMI6-91.
Given that the risk of developing T2D is greater in individuals whose mothers were
diabetic when they were in utero as compared with offspring born from diabetic fathers
and siblings born before the onset of maternal diabetes, it has been proposed that these
long-term consequences of altered glucose metabolism result mainly from thbfetal
environment in GDMBSI. Intrauterine exposure to hyperglycemia may generate an in-
utero environment around the fetus which programs them to disease during adulthood.
This phenomenon has been recently called “metabolic memory”*°). However, the specific
underlying mechanisms by which fetal exposure to hyperglycemia may affect fetal
development and impair glucose metabolism in the offspring are not fully known. It
was recently demonstrated that adult mouse offspring born from STZ-induced GDM
have dyslipidemia, insulin resistance, and glucose intolerance with advanced age (at 40

and 70, but not at 12 wk). Additionally, metabolic dysfunction and alterations in
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patterns of DNA methylation of genes involved in regulating glucose metabolism have
also been reported?l. Consistent with these studies, we also report in the current study
GMD-induced long-term abnormalities and pathological changes in the pancreatic
tissue of mouse offspring.

An increased density of TH nerve fibers in the exocrine pancreas has been reported in
mice that spontaneously develop T2DI*l and in patients with T2D[%l. Moreover, the
density of these sympathetic nerve fibers in pancreatic tissue parallel worsening glucose
tolerancel'?l. Finally, it has been shown that sympathetic nerve hyperactivity precedes
hyperinsulinemia in young nonobese Japanese individuals[l7l, and a deviation in
sympathovagal imbalance to sympathetic activity precedes the development of diabetes
in young Korean adults/'®l. Regarding CGRP nerve fibers, both exocrine and endocrine
pancreata from micel’l and different mammals including humans/®! are highly
innervated by this subtype of sensory nerve fiber. Chemical ablatign of CGRP nerve
fibers prevents glucose homeostasis deterioration through increased insulin secretion in
Zucker diabetic rats, an animal model for some aspects of human T2DK11.

Furthermore, a significant increase in the length of CGRP nerve fibers innervating
pancreatic tissue from Otsuka Long-Evans Tokushima fatty rats (a model of human
non-insulin-dependent diabetes) at 16 wk old was previously reported, even though
they did not have increased fasting plasma glucose levels!™]. Preclinical and clinical
evidence has also shown an increased vascularization, altered microvasculature, and
macrophage infiltrat in pancreatic tissue, and it has been proposed that these
anatomical changes may contribute to a deterioration of b-cell/ islpé function and
exacerbate b-cell loss in T2D[?24>-4] Furthermore, an increased number of macrophages
are detectable very early in islets, before the onset of diabetes in both high-fat-fed mice
and Goto-Kakizaki ratsi#l. Although we did not evaluate whether these
neuroanatomical and cellular changes in the mouse pancreas from adult offspring are
directly associated with a greater predisposition to develop T2D and/or another
metabolic disease, the above studies support our hypothesis that these pathological

changes may precede the development of metabolic diseases.
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Our study demonstrates that an uncontrolled hyperglycemic state during pregnancy

induces long-term alterations in pancreatic tissue from adult mouse offspring born from
dams with GDM. While the mechanisms behind these GDM-induced long-term
complications are unknown, based on the literature we propose these hypotheses. First,
the alterations found in the pancreatic tissue from adult offspring could be due to direct
toxic effects induced by STZ in the developing embryos since it was injected i.p. at the
seventh day of gestation. However, cell death in fetuses from dams treated with STZ is
similar in magnitude compared to that found in fetuses from dams treated with
vehiclell. Additionally, while STZ can cross the placenta, it has a very short half-life (7
min). Based on this, it is unlikely that the alterations found result from a direct effect of
STZ on the earliest stages of embryonic developmentt*®l. Second, an increased density of
sympathetic and sensory nerve fibers could be related to chronic hyperglycemia-
induced alterations in the expression/function of neurotrophins and their receptors
during fetal growth, which are pivotal for neuronal growth, differentiation and survival
of neurons innervating visceral organs including the pancreas(¥48l. As well as,
increased vascularization and macrophage infiltration could result from impaired
synthesis of key molecules regulating cell growth, vasculogenesis, and angiogenesis.
Accordingly, endothelial nitric oxide synthase and VEGF genes are increased in
embryos from mouse dams with STZ-induced GDM*I,

The present study has some limitations. First, we recognize that while we found
cellular alterations in the pancreatic tissue from adult offspring born from dams with
GDM, there is a need to assess whether these anatomical changes are translated into
functional alterations such as a higher propensity to develop and/or greater severity of
metabolic disease. Secondly, it is not possible to discern whether the increase in
endomucin* blood vessels!5! will result in changes in pancreatic blood flow. Third,
while we observed an increase in the number of macrophages around acinar cells of
offspring of GDM dams; it is unknown whether this macrophage infiltration will lead to
altered production of pro-inflammatory and/or anti-inflammatory cytokines. Finally,

we do recognize that these anatomical alterations were found at one time-point in life,
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however, it is warranted to determine when these changes start and/or to assess

whether they disappear with aging.

CONCLUSION

We found a significant increase in the density of CGRP* sensory and TH* sympathetic
axons, as well as a greater vascularization and macrophage infiltration in the exocrine
pancreas and an increase in the number of blood vessels in pancreatic islets of female
adult offspring born from dams with STZ-induced GDM, but without increased fasting
blood glucose levels. Understanding the factors driving this neuroplasticity and
cellular/vascular alterations may provide pharmacologic insight and targets for

controlling these long-term metabolic complications of GDM in adult progeny.

ARTICLE HIGHLIGHTS

Research background
Epidemiological studies have shown several long-term neurological, cardiovascular,

and endocrinological complications of gestational diabetes mellitus (GDM) in offspring.

Research motivation
Although there are several reports about the metabolic long-term complications of
GDM on offspring, there is scarce information about the pathological changes at a

cellular level that occur in the pancreas of offspring born from dams with GDM.

Research objectives
To quantify a subset of sensory and sympathetic nerve fibers, macrophages, and

vasculature in the pancreas from adult offspring born from mouse dams with GDM.

Research methods
GDM was induced by i.p. administration of streptozotocin (STZ) in ICR mouse dams.

Adult female offspring born from dams with and without GDM were sacrificed and
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pancreata were processed for immunohistochemistry. There was a quantification of the
density of sensory (CGRP) and sympathetic (TH) axons, blood vessels (endomucin),

and macrophages (CD68) in the splenic pancreas using confocal microscopy.

Research results

Offspring mice born from STZ-treated dams had similar body weight and blood glucose
values compared to offspring born from vehicle-treated dams. However, the density of
CGRP* and TH* axons, endomucin* blood vessels, and CD68* macrophages in the
exocrine pancreas was significantly greater in offspring from mothers with GDM wvs
control offspring. Likewise, the microvasculature in the islets was significantly greater,
but not the number of macrophages within the islets of offspring born from dams with

GDM compared to control mice.

Research conclusions
GDM induces neuronal, vascular, and inflammatory changes in the pancreas of adult
progeny, which may partially explain the higher propensity for offspring of mothers

with GDM to develop metabolic diseases.

Research perspectives

Future studies are needed to evaluate the functional implications of these alteratigns
and determine if their blockade with mechanism-based therapies may decrease the risk
of developing impaired glucose tolerance and type-2 diabetes in individuals born from

women with GDM.
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Figure Legends

Figure 1 Experimental design, body weight, blood glucose levels of female offspring
born from control dams or dams with gestational diabetes mellitus. A: Diagram
showing the experimental design and timeline; B and C: Female offspring born from
dams treated with streptozotocin during pregnancy did not show significant changes in
body weight or blood glucose compared to offspring born from dams treated with
vehicle as controls; D: Scheme showing the region selected for quantification (splenic
pancreas; square) of the neuronal, vascular, and inflammatory changes using
immunohistochemistry and confocal microscopy. Data are shown as mean + SEM, n =5

per group. STZ: Streptozotocin; VEH: Vehicle.

Figure 2 Adult female offspring born from dams with streptozotocin-induced
gestational diabetes mellitus have increased density of sensory and sympathetic
nerve fibers innervating the pancreatic acinar cells. A and B: Representative confocal
images of calcitonin gene-related peptide (CGRP) expressing small diameter
peptidergic sensory nerve fibers; C and F: Significantly greater densities of CGRP* and
tyrosine hydroxylase* (TH*) nerve fibers were found in offspring born from dams with
GMD as compared to control offspring; D and E: Enzyme TH expressing postganglionic
sympathetic nerve fibers in acinar pancreatic tissue (40 pm-thick) from offspring born of
vehicle or streptozotocin injected dams; aP < 0.05 Student f test, n = 5 per group. Data
are shown as mean + SEM. CGRP: Calcitonin gene-related peptide; TH: Tyrosine
hydroxylase; VEH: Vehicle; STZ: Streptozotocin.

Figure 3 Adult female offspring born from dams with streptozotocin-induced
gestational diabetes mellitus have an increased number of macrophages in the

pancreatic acinar cells, but not in the pancreatic islets. A, B, D, and E: Representative




confocal images of pancreatic cells expressing CD68 (cluster of differentiation 68) for
macrophage staining in acinar pancreatic tissue or pancreatic islets from offspring born
of vehicle or streptozotocin (STZ) injected dams (40 pm-thick); C and F: Significantly
greater number of macrophages were found in the acinar pancreatic tissue, but not in
the pancreatic islets of offspring born from dams treated with STZ compared to control
mice. 2P < 0.05 Student ¢ test, n = 4-5 per group. Data are shown as mean + SEM. CD68:
Cluster of differentiation 68; VEH: Vehicle; STZ: Streptozotocin.

Figure 4 Adult female offspring born from dams with streptozotocin-induced
gestational diabetes mellitus have a greater density of blood vessels vascularizing the
acinar cells and the pancreatic islets. A, B, D and E: Representative confocal images of
vehicle showing the endocrine and exocrine pancreatic tissue immunostained for
endomucin blood vessels from adult progeny born from dams treated with vehicle or
streptozotocin (STZ); C and F: There was a significantly greater density of blood vessels
positive to endomucin in the acinar cells and the islets of Langerhans of offspring mice
born from mice treated with STZ as compared to control mice; G and H: 3D
visualization of the islet of Langerhans from whole pancreatic tissue processed with a
solvent-based clearing method. Three-dimensional images of a cleared pancreas show
an increased intra-islet vasculature. 2P <0.05 Student t test, n = 4-5 per group. Data are

shown as mean + SEM. VEH: Vehicle; STZ: Streptozotocin.
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