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RESUMO

Introducdo: O diabetes mellitus (DM) ¢ uma sindrome metabolica caracterizado por uma
disfungdo na produgdo, secrecdo e/ou atuacdo da insulina, causando hiperglicemia. As
alteragdes nessa doenga sao metabolicas e estruturais atingindo diversos tecidos. Quando a
doenga ocorre durante a gestacao, denomina-se diabetes mellitus gestacional (DMG), e o estado
hiperglicémico atinge o feto em desenvolvimento podendo causar diversos danos. O excesso
de glicose pode comprometer as células neurais que reagem através de mudancas
neurofisiologicas e estruturais, com prejuizos na condu¢do do impulso nervoso, além de
alteragdes em neurotransmissores, em vesiculas sindpticas e na atividade glial. Objetivos:
Desenvolver e padronizar um modelo experimental de indu¢ao ao DMG que seja eficiente em
ratos Wistar, utilizando a estreptozotocina (STZ), além de entender se filhotes de ratas
diabéticas apresentam comprometimento estrutural e/ou funcional no cerebelo. Metodologia:
Os animais obtidos foram colocados para acasalamento e verificagdo de presenca de
espermatozoides no lavado vaginal das fémeas, indicativo de primeiro gestacional (G1), e ap6s
cinco dias (GS5) foram induzidas ao diabetes em jejum, por via intraperitoneal, utilizando STZ,
50 mg/kg. Foram avaliados o peso e a glicemia, pré-acasalamento, no sétimo e décimo sétimo
dia de gestacdo, sendo consideradas diabéticas quando glicemia > 200 mg/dL, e marcadores de
danos oxidativos no soro plasmatico. Apds o nascimento, os filhotes passaram por avaliacao de
qualidade de ninhada (nimero de filhotes, sexo e natimortos). Posteriormente, os filhotes
seguiram para avaliagcdo fisica, indice de massa corporal e glicemia (mg/dL), e, foram
eutanasiados nas idades de sete, 30 e 90 dias, com extracao e avaliagdo fisica dos encéfalos (g)
e dissecacdo do cerebelo, estes foram preparados para andlises histomorfométrica,
imunofluorescentes, e expressao de proteinas alvo, dados indicativos de inflamagdo, gliose,
desbalanco oxidativo e morte celular. Além disso, avaliar os impactos funcionais, os filhotes
foram submetidos a testes comportamentais motores. Resultados: Obtivemos sucesso de
55,6% na obtengdo do modelo experimental de GDM, pois conseguimos implementar uma
sequéncia de cuidados essenciais, com comprovagcdo do estabelecimento da patologia
caracterizada por evolucdo de ganho de peso, hiperglicemia e dano oxidativo no sangue
materno, além de alteracdo na qualidade da ninhada. Os filhotes de maes diabéticas
apresentaram menores indices de massa corporal aliado ao baixo peso encefalico, a
histomorfometria cerebelar mostrou presenca de camadas corticais mais delgadas, com
presenca de gliose, além de um desbalango oxidativo, e, apoptose. Além de demonstrarem
menos comportamentos exploratorios. Conclusdo: Obtivemos um protocolo eficiente de

indugdo do DMG e o estudo do cerebelo da prole mostrou que a hiperglicemia durante o periodo



gestacional pode interferir no desenvolvimento cerebelar da prole com impacto funcional na

vida adulta dos ratos.

Palavras-chave: diabetes gestacional, hiperglicemia, sistema nervoso motor, cerebelo,

desenvolvimento.



ABSTRACT

Introduction: Diabetes mellitus (DM) is a metabolic syndrome characterized by a dysfunction
in the production, secretion and/or action of insulin, causing hyperglycemia. The changes in
this disease are metabolic and structural, affecting various tissues. When the disease occurs
during pregnancy, it is called gestational diabetes mellitus (GDM), and the hyperglycemic state
affects the developing fetus and can cause various damages. Excess glucose can compromise
neural cells that react through neurophysiological and structural changes, with impairments in
the conduction of nerve impulses and changes in neurotransmitters, synaptic vesicles, and glial
activity. Objectives: To develop and standardize an experimental model of induction of GDM
that is efficient in Wistar rats, using streptozotocin (STZ), in addition to understanding whether
offspring of diabetic rats present structural and/or functional impairment in the cerebellum.
Methodology: The animals obtained were placed for mating and checking for the presence of
sperm in the females' vaginal wash, indicative of the first pregnancy (G1), and after five days
(G5) they were induced to diabetes while fasting, intraperitoneally, using STZ, 50 mg/kg.
Weight and blood glucose levels were evaluated, pre-mating, on the seventh and seventeenth
day of pregnancy, being considered diabetic when blood glucose levels > 200 mg/dL, and
markers of oxidative damage in plasma serum. After birth, the puppies underwent litter quality
assessment (number of puppies, sex and stillbirths). Subsequently, the puppies underwent
physical evaluation, body mass index and blood glucose (mg/dL), and were euthanized at the
ages of seven, 30 and 90 days, with extraction and physical evaluation of the brains (g) and
dissection of the cerebellum, these were prepared for histomorphometric, immunofluorescent
analysis, and expression of target proteins, data indicative of inflammation, gliosis, oxidative
imbalance and cell death. Furthermore, evaluate the functional impacts, the puppies were
subjected to motor behavioral tests. Results: We achieved 55.6% success in obtaining the
experimental model of GDM, because we were able to implement a sequence of essential care,
with proof of the establishment of the pathology characterized by the evolution of weight gain,
hyperglycemia, and oxidative damage in maternal blood, in addition to change in litter quality.
The puppies of diabetic mothers had lower body mass indexes combined with low brain weight,
cerebellar histomorphometry showed the presence of thinner cortical layers, with the presence
of gliosis, in addition to an oxidative imbalance, and apoptosis. In addition to demonstrating
less exploratory behavior. Conclusion: We obtained an efficient GDM induction protocol and
the study of the offspring's cerebellum showed that hyperglycemia during the gestational period
can interfere with the offspring's cerebellar development with a functional impact on the rats'

adult life.
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Keywords: gestational diabetes, hyperglycemia, motor nervous system, cerebellum,

development.



AGEs
ALX
AOPP
BMI
BSA
CAPES
CEUA
CGE
CGIl
CNS
CT

DAPI
DM
DM-1
DM-2
DMG
DNA
DPN
ECM
EGL
FRAP
Gl

G4
G5
Go6
G7
G10
G17
GDM
GFAP

LISTA DE ABREVIATURAS

Advanced glycation end products
Alloxan

Advanced Oxidation Protein Products
Body mass index

Albumin bovine

Coordination of Superior Level Staff Improvement
Comiteé de ética de uso animal
Camada granular externa

Camada granular interna

Central Nervous System

Controle

Diabetic
4',6-diamidino-2-phenylindole
Diabetes Mellitus

Diabetes Mellitus tipo 1

Diabetes Mellitus tipo 2

Diabetes Mellitus Gestacional
Acido desoxirribonucleico
Neuropatia Diabética Periférica
Elevated Cross Maze

External granular layer

Ferric reducing antioxidant power
Primeiro dia de gestagdo

Quarto dia de gestacao

Quinto dia de gestacao

Sexto dia de gestacdo

Sétimo dia de gestacao

Décimo dia de gestagao

Décimo sétimo dia de gestagao
Gestacional Diabetes Mellitus

Glial fibrillary acidic protein

Xl



GH
GLUT-2
GPx
GR
GSH
GSSG
IGL
IMC

1P

v
MGO
MPA
NADPH
OFT

P7

P30

P90
PBS
REBIR
ROS
SAP BA
SAP BF
SNC
SOD
SPF
STZ
TPTZ
UFU

Growth hormone
Transportador de glicose tipo 2
Glutathione peroxidase
Glutathione reductase
Reduced glutathione
Oxidized glutathione
Internal granular layer
indice de massa corporal
Intraperitoneal
Intravenoso
Methylglyoxal
Metaphosphoric acid

Nicotinamide adenine dinucleotide phosphate

Open Field Test

Sete dias pds natal

Trinta dias p6s natal
Noventa dias pos natal
Phosphate buffer saline

Rede de Biotérios

Reactive oxygen species
Stretched out in open arms
Stretched out in closed arms
Sistema Nervoso Central
Superoxide dismutase
Specific pathogenic germs
strepetozotocin

2,4,6-tri (2 pyridyl)-s-triazine
Universidade Federal de Uberlandia

Xl



XV

SUMARIO
1. INTRODUGAQ . ....cceeererererereresesesessssessssssssssssssssssssssssssssssssssssssssssssssssssesssesesesesssessseses 1
2. FUNDAMENTACAO TEORICA ... 2
2.1. DIabetes MEIITEUS. ....ecuvertiiiiriieiieieeet ettt sttt st st 2
2.2. Diabetes mellitus gestacional (DMG) .......c.cooieviiiiiiiiiienieeiieie et 3
2.3. O estudo do DMG em modelo experimental animal ..............cccceeveviieniiiienciieeniee e, 3
2.4. DMG e seu impacto no Sistema Nervoso Central dos fetos .........ccccoeeeevieiiiiiniennnne 4
2.5. DMG no desenvolvimento cerebelar da prole ...........ccccuvevvieeiienieniiienienieeieeeee e 6
3. OBUJETIVOS..iiiiinnicsnisiissicssissssssissssssssssssssssssssstssssssssssssssssssssssssssssssssssssssssssssssssssaes 7
R B € 1< ¢ 1 T OO PP UUSRUPRRPRRR 7
3.2, ESPECITICOS ..ouetieiiiieeeiie ettt ettt st e e st e et e e e tb e e e saeeenreeennbeeennreas 7
4. ARTIGO T uucueiriinicnrsensuissncsesssisssissesssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 8
4.1. Development of a successful protocol for experimental gestational diabetes .......... 9
5. ARTIGO 2 uucueioeerininnninnnsensanssenssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 27
5.1. Gestational Diabetes influences the development of the cerebellum inrats ............ 28
REFERENCIAS. ..o couiuminncimennscssascssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssasssssssssasssss 56

ANEXO 1 - Certificado de aprovagao do CEUA/UFU ......iiivvercnsnrcssercsssnicssnnsssssssssaseses 60



1. INTRODUCAO

Sabe-se que o Diabetes mellitus (DM) ¢ uma sindrome metabolica causado pela
alteragdo insulinica, que leva ao aumento do nivel de glicose no sangue. Sendo classificada
em 4 tipos, € um deles ¢ o Diabetes Mellitus Gestacional (DMG), que ¢ desenvolvido e
diagnosticado durante a gestagdo, onde os proprios hormonios deste periodo acarretam em
uma resisténcia insulinica, colocando esse grupo em maior susceptibilidade de
desenvolvimento da doenca. Existem fatores de risco que aumentam a prevaléncia dessa
doenca, como idade > 35 anos, excesso de peso, historico de DM na familia, hipertensao
arterial, entre outros. O DMG possui os mesmos parametros de diagnostico e tratamento
do DM comum.

Quando descontrolado e nao tratado o DM pode levar a consequéncias perinatais,
sendo o responsavel por altos indices de mortalidade perinatal € complicacdes fetais, como
macrossomia, hipoglicemia, hiperinsulinemia, e anomalias congénitas. Além de afetar o
desenvolvimento do Sistema Nervoso Central (SNC) do feto, pois esse sistema se mostrou
em pesquisas anteriores, sensivel a hiperglicemia, podendo levar a distarbios do
neurodesenvolvimento, incluindo deficiéncias no funcionamento motor, capacidade de
atencdo e aprendizagem. Essas alteracdes sdo devido a uma neuroinflamagao e oxidagao
ocasionada pelo excesso de glicose nos tecidos.

Pensando em sistema nervoso motor, o cerebelo € reconhecido por ser uma
importante area motora, com 80% de todas os neurénios do SNC, além disso estudos atuais
mostraram o cerebelo com grande importancia funcional em outras areas de atuagdo, como
aprendizagem motora, discriminacdo sensorial e realizacdo de tarefas cognitivas
complexas. Devido tais complexidades o torna um alvo para novas pesquisas, que busca as
alteracdes causadas pela hiperglicemia materna nos cerebelos das proles.

Para esse tipo de pesquisa ser desenvolvida ha a necessidade de utilizacdo de um
modelo experimental, no caso, de indu¢do ao DMG. Nesse contexto, pesquisas mostram
sobre a dificuldade em obtencdo de um modelo eficiente, os protocolos atuais apontam
gastos de dinheiro e tempo excessivos, e 0 uso de quantidade excessiva de animais, o que
justificou padronizarmos um protocolo que fosse eficiente de indu¢cdo ao DMG, com o
passo a passo de todos os cuidados necessarios para a obtengdo de ratas com DMG,
reprodutivel e que levasse a uma redug@o no uso de animais. Com os filhotes obtidos dessa
metodologia, utilizamos os cerebelos para uso na pesquisa que busca respostas a essas

alteracdes fetais causadas pela hiperglicemia materna.



2. FUNDAMENTACAO TEORICA

2.1. Diabetes mellitus

Diabetes mellitus (DM) ¢ uma sindrome metabolica caracterizado pela
hiperglicemia, causado pela alteragao da producao, secrecdo e/ou ag¢ao da insulina. Pode
ser classificado em diabetes mellitus tipo 1 (DM-1), ocorre pela deficiéncia absoluta na
secre¢do de insulina, decorrente da destruicdo autoimune das células pancreaticas, e em
tipo-2 (DM-2), ocorre pela combinagdo de resisténcia a acdo da insulina € um processo
compensatorio inadequado de resposta secretora da insulina, ocorre mais em adultos e
idosos. Existe também os tipos especificos de diabetes devido diferentes causas, como as
sindromes de diabetes monogénicas, doencas de pancreas exdcrino, ¢ diabetes induzido
quimicamente por medicamentos. E por ultimo o diabetes mellitus gestacional (DMG), que
¢ diagnosticado no segundo ou terceiro trimestre de gravidez, em mulheres antes ndo
diabéticas (AMERICAN DIABETES ASSOCIATION, 2021).

A longo prazo, as altas concentragdes plasmaticas de glicose levam ao
desenvolvimento de degeneracdes cronicas com faléncia de diversos tecidos, podendo
afetar a retina, os glomérulos renais, a micro vascularizagdo e os nervos periféricos
(FERREIRA et al., 2011; REMOR et al., 2011). Mas o DM pode também desencadear
encefalopatia caracterizada pela diminuigdo cognitiva, dificuldade de aprendizagem e
aumento do risco de deméncia (PITITTO, ALMADA FILHO & CENDOROGLO, 2008).

Perifericamente o DM pode levar ao desenvolvimento de neuropatia periférica
diabética (DPN), uma doenca difusa dos nervos periféricos que causa perda de
sensibilidade e dificuldades motoras. A maioria dos pacientes com essa doenca apresentam
um padrdo misto: sensorial, autondmico e com perturbacdo motora que pode levar a
fraqueza e atrofia muscular das pernas e dos pés, o que contribui para o aumento de quedas
(REMOR et al., 2011).

O trabalho de FRANCIS e colaboradores (2011) analisou possiveis perdas motoras
em ratos diabéticos no decorrer do tempo e a eficiéncia do uso de insulina na prevengao
dessas possiveis alteragdes. E observaram que neurdnios motores apresentam maior
resisténcia a hiperglicemia a longo prazo quando comparados aos sensitivos. Mas as areas
motoras também sofrem neurodegeneracao, mas tardiamente. Os danos iniciam a nivel das
placas motoras, com perda de mielina e da jungcdo neuromuscular, posteriormente
alteragdes no corpo neuronal, com comprometimentos estruturais e moleculares, levando a

reducdo da quantidade e da velocidade de condug¢do da informac¢ao motora.



2.2. Diabetes mellitus gestacional (DMG)

O DMG ¢ caracterizado por intolerancia a glicose, de magnitude variavel, com
inicio e diagnostico durante a gestagdo. Sua prevaléncia mundial ¢ de 15,2% entre as
gestantes (SUN et al., 2022), geralmente se resolve no pos-parto, mas retorna anos depois
na maioria dos casos. Recomenda-se detectd-lo com os mesmos procedimentos e
parametros diagndsticos empregados fora da gravidez (GOLBERT & CAMPOS, 2008).

Os fatores de risco para desenvolvimento de diabetes gestacional sao: maternidade
com idade avangada, 35 anos ou mais, sobrepeso, obesidade ou ganho excessivo de peso
na gravidez atual, deposicao excessiva de gordura abdominal, historico familiar de diabetes
em parentes de primeiro grau, crescimento fetal excessivo e polidramnio, hipertensdo ou
pré-eclampsia na gravidez atual, antecedentes obstétricos de abortamentos de repetigdo,
malformagdes, e, sindrome dos ovarios policisticos (MILECH et al., 2006).

O DMG ¢ uma das intercorréncias mais frequentes durante a gestagcdo e quando nao
diagnosticado e tratado adequadamente, ¢ determinante para diversos riscos maternos e
perinatais. E o responsavel por indices elevados de mortalidade perinatal e complicagdes
fetais, como a macrossomia, traumatismos no parto, hipoglicemia, hiperbilirrubinemia
neonatal, sindrome do desconforto respiratdrio do recém-nascido, hipocalcemia. Tal
incidéncia de anomalias congénitas esta relacionada com os niveis de glicose aumentados
durante a gestagdo. Além dos riscos futuros, hd maiores chances de sindrome metabdlica
(obesidade, hipertensao e diabetes) na vida adulta, por heranga epigenética (FALEIROS et
al., 2021)

O controle da glicemia no periodo pré-concepcional e nas primeiras semanas de
gestagdo ¢ crucial para reduzir os riscos de aborto e de malformagdes congénitas. O
tratamento com insulina permite normalizar os niveis de glicemia, protegendo o cérebro e
outros tecidos dos efeitos adversos da hiperglicemia (MAGANHA et al., 2003; SILVA et
al., 2007).

2.3. O estudo do DMG em modelo experimental animal

O estudo do diabetes e de tentativas terapéuticas ¢ feito em modelos animais que
utilizam principalmente roedores destacando-se ratos e camundongos. Diferenciam-se
animais que desenvolvem espontaneamente a doenca, devido a uma predisposi¢ao
genética, e, animais que sdo submetidos a diferentes técnicas para a indugdo da doenga,

como a pancreatectomia, exposi¢cdo a virus especificos ou administragdo intravenosa (IV)



ou intraperitoneal (IP) de agentes citotoxicos, como a estreptozotocina (STZ) ou aloxana
(ALX) (GISPEN & BIESSELS, 2000). Os roedores tém sido amplamente utilizados devido
suas vantagens: facil manuseio (alimentagdo, limpeza e alocagdo), elevada resisténcia a
infec¢do, facilidade para dissecacdo e extracdo de tecidos, além de desenvolverem
semelhangas fisiopatoldgicas com o diabetes humano (LERCO et al., 2003).

A droga STZ possui uma maior especificidade sobre as células beta pancreaticas
(LERCO et al, 2003). E sua finalidade ¢é causar danos no DNA (4cido
desoxirribonucleico), depletando a Nicotina Adenina Dinucleotideo (NAD+), inibindo a
sintese e secre¢ao de insulina, culminando no processo de morte das células beta
pancreaticas devido a deplecdo energética, resultando nos sintomas diabetogénicos no
animal (KIRSTEN, SESTERHEIM & SAITOVITCH, 2010). Sua a¢do pode ser
influenciada pela concentracdo da droga, velocidade de infusdo, dose, via de administracao,
dieta, tempo de jejum e peso do animal (SANTOS, 2018). A escolha da via de
administracdo da droga ¢ influenciada diretamente pelo tipo de acdo desejada (local ou
geral), da velocidade de acdo da droga e pela facilidade de acesso a via. Sendo que as vias
mais utilizadas para a indugdo ao diabetes sdo: intravenosa (IV), intraperitoneal (IP) e a
subcutanea (MONTANHA & AZEVEDO, 2013).

De acordo com a revisdo sistematica conduzida por FERREIRA & NICOLAU
(2011) o STZ mostrou ser a droga mais utilizada nos estudos (70% dos estudos), porém,
com administracdo de doses em diferentes concentragdes e vias de acesso. Assim, faz
necessario a padronizagdo de um protocolo consistente e eficiente de indugao do DMG em

modelos animais.

2.4. DMG e seu impacto no Sistema Nervoso Central dos fetos

Diante de todas as anormalidades congénitas existentes, as do Sistema Nervoso
Central (SNC) s3o as mais comuns, pois esse sistema tem seu desenvolvimento iniciado
antes dos outros sistemas no periodo embrionario, e dessa forma suas estruturas estdao mais
vulneraveis a sofrerem alteragcdes por diversos agentes durante seu desenvolvimento
(KOSTOVIC, SEDMAK & JUDAS, 2019). Estudos mostraram que filhos de maes
diabéticas possuem de trés a quatro vezes mais chances de desenvolverem malformagdes
fetais quando comparados aos filhos de maes normoglicémicas (DE MORAIS RIBEIRO,
2008).

No SNC as malformagdes congénitas mais frequentes sao falhas de fechamento do

tubo neural, anencefalia, microcefalia, hidrocefalia, catarata congénita e hipoplasia do



nervo optico. Adicionalmente, anomalias do coragao, do esqueleto, do trato gastrointestinal
e do trato urindrio também estdo presentes (PANTE et al., 2011).

A fisiopatologia do DMG no feto durante a gestagdo esta relacionada a elevada
oferta de glicose pela circulagao materna gerando hiperglicemia no feto (NOMURA et al.,
2002). Esta hiperglicemia leva a hiperinsulinemia fetal, com aumento do deposito de
glicogénio e de lipideos (CHANDNA et al., 2015). O aumento do metabolismo celular tem
como consequéncia um maior consumo de oxigénio pelos tecidos e, a0 mesmo tempo, a
glicosilagdo da hemoglobina promove um aumento da afinidade pelo oxigénio facilitando
a ocorréncia de estresse oxidativo e hipoxia tecidual (HAMI et al. 2015).

Outra anormalidade desencadeada pela hiperinsulinemia fetal é a eritropoiese extra
medular em resposta as alteragdes dos padrdes de crescimento do feto, levando a
poliglobulia e aumento da viscosidade sanguinea. Estas altera¢des podem influenciar os
padrdes de velocidade de fluxo sanguineo na circulacdo do feto (AMARAL, et al., 2012).
Fetos que possuem maior predisposi¢do a hiperinsulinemia tendem a desenvolver
macrossomia, que ¢ uma doenca caracterizada pelo excesso de peso do recém-nascido.
Estes terdo como consequéncias maiores riscos de complicagdes no parto e morbidade
neonatal elevada (RUDGE et al., 2005; SILVA et al., 2009).

Tais fatores alteram a trajetoria normal do desenvolvimento do sistema nervoso
fetal, o predispondo a distirbios do neurodesenvolvimento, incluindo deficiéncias no
funcionamento motor, capacidade de atengdo e aprendizagem, possivelmente devido uma
neuroinflamagdo e oxidagdo ocasionada pelo excesso de glicose. Logo, o controle
glicémico materno durante a gravidez favorece a manutencao do estado metabolico fetal
em condicdes adequadas para preservar sua vitalidade (VILELA, 2021).

A glicose e o oxigénio exercem papéis fundamentais na fungdo do SNC,
especialmente sobre a homeostase de neurdnios e astrocitos (MILLIGAN & WATKINS,
2009). Sabe-se que os astrocitos possuem um sistema de comunicacdo, que regula a
excregao de neurotransmissores, ativagao neuronal e sinapse (FELLIN & CARMIGNOTO,
2004). Prejuizos na regulagdo metabodlica, atinge diretamente o aporte energético e
morfologia dessas células, contribuindo para a formacdo de um microambiente
inflamatorio, disfuncdo sindptica e mitocondrial, levando a morte celular, com
consequentes alteracdes fenotipicas cognitivas (GARCIA-SERRANO & DUARTE, 2020).

A astrogliose ocorre em resposta a um dano tecidual neural, e ¢ caracterizada por
hiperplasia e/ou hipertrofia das células gliais (ANCIUTI, 2016). O estudo de DE SOUZA
MELLO, SANTOS & FUNCHAL (2012) mostrou que os astrocitos quando expostos a



uma alta oferta de glicose, eles sofrem uma gama de alteragdes, como: reducdo no contetido
de glutationa, redu¢ao de proteinas marcadoras da reatividade dessas células, proteina acida
fibrilar glial (GFAP), liberagdo de quimiocinas, alteracdo no metabolismo de glutamato e
producao de espécies reativas de oxigénio. Esse conjunto de respostas dos astrocitos num
ambiente hiperglicémico traduz alteragcdes da atividade celular e, portanto, da atividade
neuronal (NARDIN, 2006). ANCIUTI (2016) mostrou que a hiperglicemia intrauterina e
pos-natal pode estar relacionada a predisposicao ao desenvolvimento de desordens durante
a vida adulta, pois verificou danos no hipocampo de ratos jovens, alteragdes neuronais e

gliais, e, aumento de espécies reativas de oxigénio (ROS).

2.5.DMG no desenvolvimento cerebelar da prole

Atualmente sabe-se que o cerebelo além de area motora e de equilibrio, esta
relacionado com a aprendizagem motora, discriminacdo sensorial e tarefas cognitivas
complexas (ARLEO et al., 2023; MANTO et al., 2012). Sendo dividido filogeneticamente
em arquicerebelo (relacionado ao sistema vestibular), paleocerebelo (relacionado a fungdes
motoras e propriocep¢do), e, neocerebelo (responsavel pela programac¢do motora e
atualmente relacionada a cognicdo). A substancia cinzenta do cerebelo maduro apresenta
trés camadas celulares identificadas pela histologia classica: camada molecular, camada de
c€lulas de Purkinje, e camada de células granulares (DAMIANI et al., 2016).

Em ratos o desenvolvimento cerebelar continua nas primeiras trés semanas pos
nascimento, o que corresponde ao terceiro trimestre embrionidrio em humanos
(GOLDOWITZ & HAMRE, 1998). Caracterizado por ser um periodo ativo de proliferacao
neuronal, migragdo e diferenciacdo de células granulares na regido de cortex cerebelar
desses animais. Iniciando pela proliferacdo de neurdnios imaturos na camada granular
externa (CGE), e entdo iniciam a migracao ao longo dos processos radiais das células gliais
pela camada molecular em dire¢do a camada granular interna (CGI), e entdo comecam sua
diferenciagdo em neuronios maduros (YONG et al., 2015). Nesta fase, o cortex cerebelar
possui quatro camadas: CGE, a camada molecular, a camada de células de Purkinje e CGI,
sendo CGE temporaria, pois desaparece apods a conclusdo da diferenciacdo cerebelar total,
o denominado cerebelo maduro, agora com as mesmas camadas de um cerebelo humano
maduro (MASCARENHAS et al., 2022).

Nesse contexto, o cerebelo se mostrou uma area de grande interesse de estudo,
durante o desenvolvimento embrionario e pds-natal, pelo fato de suas varias fungdes de

grande importancia, e por apresentarem grande volume de células neurais, e estas serem



sensiveis ao excesso de glicose. Alguns estudos mostram que o desenvolvimento fetal em
um ambiente hiperglicémico esta diretamente relacionado com diversas patologias que tem
como manifestacdes alteragcdes motoras, do comportamento e cogni¢dao, uma das fungdes

do cerebelo, como por exemplo o autismo e a esquizofrenia (XIANG et al., 2018).

3. OBJETIVOS

3.1 Geral

Padronizar um protocolo eficiente de indu¢cdo ao DMG, desde o momento do
acasalamento, comprova¢do da patologia durante a gestacdo e nascimento da prole. E
avaliar o impacto dessa doenca no desenvolvimento das proles, com enfoque nos aspectos

morfofuncionais cerebelares.

3.2 Especificos

v' Padronizar a metodologia de um modelo experimental de indugdo ao DMG
utilizando ratos Wistar;,

v Avaliar a evolugio de peso corporal, glicemia e qualidade de ninhadas das mies,
dos grupos controle (CT) e DMG;

v" Analisar marcadores de danos oxidativos no soro das mies induzidas ao DMG;

v' Avaliar o Indice de Massa Corporal (IMC), glicemia e peso encefélico dos filhotes,
dos grupos CT e DMG;

v’ Avaliar o cerebelo dos filhotes, quanto a morfologia tecidual, a reatividade glial, a

presenca de danos oxidativos e apoptose, dos grupos CT e DMG;
v' Além de analisar alteragdes comportamentais dos filhotes, utilizando testes de

carater motor, dos grupos CT e DMG.



ARTIGO 1
Development of a successful protocol for experimental gestational diabetes

Submitted in Journal of Pharmacological and Toxicological Methods, Qualis B1.



Development of a successful protocol for experimental gestational diabetes

Fernanda Naves Aratjo do Prado Mascarenhas®*; Maria Julia Neves Ribeiro?; Natalia

Ferreira Silva®; Rener Mateus Francisco Duarte®; Foued Salmen Espindola®; Renata

Graciele Zanon®

nstitute of Biomedical Sciences, Federal University of Uberlandia (UFU), Uberlandia,
MG, Brazil
“Institute of Biotechnology, Federal University of Uberlandia (UFU), Uberlandia, MG,

Brazil.

*Corresponding author: Msc. Fernanda N. A. P. Mascarenhas, Instituto de Ciéncias
Biomédicas, Universidade Federal de Uberlandia (UFU), CP 592, CEP 38400-902,

Uberlandia, MG, Brasil. e-mail: mascarenhas.nutri@hotmail.com



mailto:mascarenhas.nutri@hotmail.com

10

ABSTRACT

Diabetes mellitus (DM) is characterized by a dysfunction in insulin secretion and/or action
which causes hyperglycemia. When the disease occurs during pregnancy, it is called
gestational diabetes mellitus (GDM), and hyperglycemia affects the fetus's development.
The present study aimed to develop an efficient model of GDM induction in Wistar rats
using streptozotocin (STZ). Therefore, the animals are placed for mating overnight, and
the next day the presence of sperm is verified in the vaginal wash, indicating the first day
of gestation (G1), and after five days, the pregnant rats were induced to diabetes,
intraperitoneally, using STZ, at a dose of 50 mg/kg. The animals were weighed, and their
blood glucose levels were measured (pre-mating, G7, and G17), being considered diabetics
when blood glucose > 200 mg/dL. After birth, the puppies were evaluated for the number
of individuals, gender, and stillbirths. The blood of females was collected to assess
oxidative damage caused by diabetes. The results showed efficacy in the use of the
alternative dye gentian violet for sperm and cell identification. Weight gain,
hyperglycemia, and the presence of oxidative damage showed an efficient GDM induction
for 55.6% of total animals, considered a successful protocol superior to those commonly
observed by those researchers in the GDM study area. Also, we observed a higher number
of stillbirths in the GDM group, confirming data from the literature that characterize the

hyperglycemic environment as hostile to the development of the fetus.

Keywords: diabetes, gestation, methods, streptozotocin
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1. Introduction

Gestational diabetes mellitus (GDM) is characterized by glucose intolerance that
begins during pregnancy. Its worldwide prevalence is 15.2% among pregnant women
(SUN et al., 2022), it generally resolves postpartum but returns years later in most cases.
The recommendation for treatment and diagnosis is the same parameters used outside of
pregnancy (MILECH et al., 2007; GOLBERT & CAMPOS, 2008; RUDGE et al., 2005).
GDM is responsible for high rates of perinatal mortality, especially due to very large
fetuses, the presence of malformations, and congenital anomalies, related to the presence
of increased glucose levels at the beginning of pregnancy (GARCIA, 2008; SILVA et al.,
2009).

The study of diabetes and therapeutic attempts is carried out in animal models,
mainly in rats and mice (SILVA & PRESGRAVE, 2008). A distinction is made between
animals that spontaneously develop the disease, due to a genetic predisposition, and
animals that are subjected to different techniques for inducing the disease, such as
pancreatectomy, exposure to specific viruses, or intravenous (IV) or intraperitoneal (IP)
administration of cytotoxic agents, such as streptozotocin (STZ) and alloxan (ALX)
(GISPEN & BIESSELS, 2000). The agent ALX presents high mortality after induction and
ketosis. STZ has greater stability and cellular selectivity, as it is absorbed via the glucose
transporter GLUT-2, and pancreatic beta cells express this transporter, making them more
sensitive to STZ. At the same time, the extrapancreatic parenchyma remains intact
(LENZEN, 2008).

Rodents have been widely used due to their advantages of easy handling (feeding,
cleaning, and allocation), high resistance to infection, ease of dissection, and tissue
extraction, in addition to developing pathophysiological similarities with human diabetes
(LERCO et al., 2003). However, the lack of standardization in mating protocols combined
with diabetogenic induction leads to large losses of animals, unnecessary expenses, and
inexhaustible repetitions, which culminate in a major delay in the development of study in
this area. In this context, the present study aimed to develop and standardize an

experimental model for inducing GDM in rats that is highly efficient.

2. Methods
2.1.Animals
All procedures performed with the animals were approved by the Animal Use

Ethics Committee of the Federal University of Uberlandia (UFU), protocol 056/18. We
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used 51 Wistar rats (Rattus novergicus), 39 females and 12 males, that were kept in
polysulfone boxes, with adequate air circulation, controlled temperature between 18-22°C,
a humidity of 45 to 55%, with an autoclaved wood shavings bed, and a 12/12-hour light-
dark cycle. For feeding, commercial feed and drinking water were used in drinking

fountains, ad libitum.

2.2. Mating

Rats reach puberty at 30 days of age, but it is suggested that, for the ability to
maintain pregnancy to be adequate, they wait longer. Therefore, the animals used were 60
days old, and during this period, the males weighed around 200-250g and females 150-
180g.

Nulliparous females were previously evaluated in relation to weight (g), using an
electronic scale for weighing with a precision of 0.1 gram (KERN®), and fasting blood
glucose (mg/dL) by obtaining a drop of blood from the animal's tail, with the aid of a
scalpel, and the reading was taken using a glucometer (Descarpack Plus®). Therefore,
females were transferred to the male boxes in the late afternoon only for mating, in a ratio
of two females to one male (polygamous system). On the morning of the following day,
the females were returned to their original boxes, and the vaginal fluid was collected to
control copulation.

In the vaginal washing technique, the rats were restrained manually, then a Pasteur
pipette containing saline solution (0.9%) was introduced superficially into the vaginal
canal, and the collected material was deposited on the identified glass slides. Subsequently,
the slides were dried in an oven for histological staining, using gentian violet, washing in
70% alcohol and water, mounting the slide, using mounting medium and a coverslip. Then,
the reading and capture were carried out under an optical microscope, with a 20x objective.
Thus, it was possible to identify with greater precision the presence of sperm in the vaginal
wash (Figure 1), indicating the first day of gestation (G1), or its absence, and in this case,
it was used to characterize which phase of the reproductive cycle the rat was in what is
known as the estrous cycle, which lasts 4 to 5 days, estimating the female's fertile day, to

determine the best day for re-mating (Figure 2).

2.3.Induction to GDM
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On the fourth day of gestation (G4), the rats were fasted at the end of the day for 24
hours. In G35, the diabetes induction procedure was performed. Induction occurred through
an intraperitoneal (IP) injection of streptozotocin (STZ) (Santa Cruz Biotechnologies®).

The drug was diluted at the time of induction, at a dose of 50 mg of STZ per kg of
animal weight, diluted in citrate buffer (0.01M and pH 4.5), as STZ is only active in an
acidic environment. After dilution, the animals were mobilized manually, and with a
sterilized syringe with a fixed 6mm needle, the drug was applied to the animals
intraperitoneally, in the third abdominal quadrant (Figure 3). After application, the animals
remained fasting for one hour, as the mechanism of action used by STZ includes its binding
to GLUT-2 receptors in the intestine, the same ones used by dietary glucose, so fasting
guarantees absorption exclusive to the drug.

After this time, commercial food and drinking fountains containing water with 1.5%
glucose were offered, and this remained for 24 hours, with the aim of avoiding death from
hypoglycemia. Which is common to occur in the first 24 hours post-induction.

A parallel group of pregnant rats, determined as the control group (CT), were
induced under the same conditions, using only the citrate buffer diluent (without the drug)
for comparison.

After 48 hours of induction, exactly on the seventh day of gestation (G7), the
females were fasted for eight hours. At the end of the day, body weight and blood glucose
assessments were carried out, aiming to verify weight gain resulting from pregnancy and
the success of GDM induction, with rats that presented fasting blood glucose > 200 mg/dL
being considered diabetic. In G17, the same assessments were repeated.

After approximately 21 days, the puppies began to be born. At this time, the
following were measured: total number of puppies per mother, sex, and number of live and
dead births. After this time, mothers who did not go into labor were counted as a failed

pregnancy.

2.4.Biochemical analysis

To check the damage caused by GDM in the mothers, they were anesthetized using
Ketamine and Xylazine (1:1, 0,2g/100ml), and then 1.5 ml of blood was collected via
intracardiac puncture. Subsequently, the blood was centrifuged at 1500 rpm for 10 minutes
at 25 °C to obtain serum. This is stored in an ultrafreezer at -80 °C, to wait for biochemical

tests: Fluorescent AGE assay and Advanced Oxidation Protein Products Assay (AOPP).
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Measurement of fluorescent AGEs (F-AGEs) concentrations was based on the
spectrofluorimetric detection (KALOUSOVA, SKRHA & ZIMA, 2002). The serum (250
uL) was transferred into black 96-well plates and phosphate buffer saline (PBS) solution
was used as blank. The excitation and emission wavelengths were 320 nm and 440 nm,
respectively (Molecular Devices, Menlo Park, CA, USA). The fluorescence intensity was
expressed in arbitrary units per milliliter of serum (AU/mL) and in AU/g of total protein.
The Bradford method measured the total protein (BRADFORD, 1976). Absorbance was
measured at 570 nm in a 96-well plate reader spectrophotometer (brand®).

The AOPPs levels as a marker of protein oxidative damage were measured by the
action of ROS (chlorinated compounds) on proteins, leading to the formation of dityrosine
residues and protein cross-linking. AOPP was determined according to the method of
WITKO-SARSAT and collaborators (1996) using a spectrophotometer (brand®) and
calibrated with a chloramine-T solution that absorbs at 340 nm in the presence of potassium
iodide. The 10 pL of serum sample was mixed with 170 pL of PBS and 20 pL of citric
acid. The curve was made using chloramine and potassium iodide (1.16M), 200 pL of the
standards were mixed with 10uL of potassium iodide and 20 pL of citric acid, and the plate
was shaken for six minutes before reading. The absorbance of the reaction mixture was
read at 340 nm. AOPP concentrations were expressed as p moleL—1 of chloramine-T

equivalents.

3. Results

3.1.Copulation control

To verify successful copulation, we used gentian violet staining of vaginal
washings, as this dye is easily accessible and cheap, it brought better visibility of all the
cells present in the slide, being essential for identifying sperm (Figure 1B) and
characterization of the estrous cycle, which allowed predicting an ideal moment for a new
mating attempt (Figure 2). After the end of the gestational period, we achieved 100%
pregnancy success in the CT group, and 55.6% success in the GDM group (Figure 4C, p
=0.005).

3.2.Evolution of body weight and blood glucose
With the data on weight and blood glucose evolution, in the pre-gestational,
seventh, and seventeenth gestational days, we evaluated the success of induction of GDM

(Figure 4).
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After administration of STZ, we obtained a group of non-pregnant and diabetic rats,
characterized by weight maintenance (Figure 4A) and an increase in glycemic rate (Figure
4B, G7 and G17 p < 0.00001). We had a GDM group, of pregnant and diabetic rats, all of
which showed progress in weight gain (Figure 4A, G7 p =0.0026, G 17 p =0.00001), and
hyperglycemia (Figure 4B, G7 and G17 p <0.00001).

3.3.0ffspring assessment

Regarding the number of puppies born alive (Figure SA, p = 0.41) and the ratio of
males (p = 0.32) and females (p = 0.32) per mother, there were no statistically significant
differences between the CT and GDM groups (Figure 5B). However, in relation to the rate
of stillborn and dead puppies after birth, the GDM group presented 38% of stillborns (p <
0.0001), 16.3% of puppies that died between 1 and 7 days (p < 0.0001), and 6.5% of
puppies that died from 8 to 30 days (p= 0.02), while the CT group had a rate of 1.8% of
stillbirths and 0.9% of dead pups between 1 and 7 days.

3.4.Maternal blood analysis
When evaluating oxidative stress through the determination of advanced glycation
end products (AGEs) and advanced oxidation protein products (AOPP), we saw that both

components were increased in diabetic animals (Figure 6).

4. Discussion

The gestational diabetes (GDM) induction protocol must be initiated by mating the
animals, in this way, the mating was carried out in the proportion of two females for each
male, a method called temporary polygamous, and after mating the rats are separated from
the males for evaluation of successful pregnancies. In the study by MATTARAIA &
MOURA (2012), the authors verified the reproductivity of Wistar rats in different mating
systems and concluded that the temporary polygamous system was the most efficient,
guaranteeing animal welfare, as it respects the biology of the females, and, the reproductive
capacity of males is maximized, which represents a saving in physical space and resources
used.

To accurately determine the beginning of pregnancy, which was important for
inducing diabetes on the correct days of pregnancy, copulation was performed at night, and
in the morning the vaginal washes obtained were stained for better identification of cells

(BARRIL et al., 2016). The slides were stained with an alternative dye, gentian violet,
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facilitating the identification of sperm and the determination of the phase of the female's
estrous cycle, an essential method for correctly determining the first day of pregnancy (G1).
The use of alternative dyes demonstrates effectiveness for staining animal and plant cells
and can be easily acquired for histological preparations and visualization under a
microscope (DA SILVA, DE ARAUJO & BEZERRA, 2019; DA ROCHA et al., 2021).
Gentian violet, used in the present study, is an alternative dye with antiseptic activity,
bacteriostatic and bactericidal power, low cost, and ease of use and access.

Many authors who study GDM report the difficulty of obtaining pregnant and
diabetic animals, and the consequent use of a large number of animals to obtain a
significant sample (RUDGE et al., 2013). In most experimental studies, a lot of variation
in the methodology for inducing GDM is observed, which consequently creates difficulty
in replicating the procedures by other researchers. In the studies seen, the authors carry out
vaginal washings at non-standard times, they do not stain the slides, only a few studies
monitor the estrous cycle, not all of them specify the use of temporary or permanent
polygamous methods and the proportions of females per male, other studies induce diabetes
prior to pregnancy, among other divergences, or do not clearly describe this in their
methodologies (CALUWAERTS et al., 2003; DAMASCENO et al., 2004; LIRA et al.,
2016; FRANCA, OLIVEIRA & BALBI, 2016). All these details were studied and, in this
work, we bring the most efficient procedures from the moment of copulation.

The gestational period of Wistar rats lasts from 19 to 22 days, and after the tenth
day, an increase in abdominal volume begins to be noticed. Cases of dystocia are rare, and
birth lasts around 1 to 2 hours, with an average of 8 puppies per birth (ANDRADE, PINTO
& OLIVEIRA, 2006). However, diabetes during pregnancy can impact gestation time,
weight gain, and the number of stillborn and live-born puppies.

The drug of choice for inducing diabetes was streptozotocin (STZ). It causes DNA
damage by inhibiting insulin synthesis and secretion, culminating in the process of death
of pancreatic beta cells (LERCO et al., 2003; KIRSTEN, SESTERHEIM & SAITOVITCH,
2010). Its action can be influenced by concentration, infusion speed, dose, route of
administration, diet, fasting time, and animal weight (SANTOS, 2017). STZ has a glucose
molecule in its chemical structure and is therefore able to use GLUT-2 transporters to enter
the cell. As pancreatic beta cells have many GLUT-2 type glucose transporters, they
become more affected by the drug, with preservation of the extra-pancreatic parenchyma
(ELSNER et al., 2007; LENZEN, 2008). In a systematic review, FERREIRA & NICOLAU

(2011) carried out a survey of articles on diabetes induction and concluded that STZ is the
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most used drug (70% of studies), but with variable doses and routes, of 35 at 65 mg/kg and
intraperitoneal (IP) and intravenous (IV), respectively.

To begin the induction of GDM, on the fourth day of gestation, the females were
kept fasting for 24 hours, to be induced to diabetes on the fifth gestational day, using the
drug STZ, via IP, considered easier to manage than the IV (DEEDS et al., 2011), and uses
smaller doses than the subcutaneous via. Fasting prior to induction aims to inhibit the
competition of glucose arising from food with the glucose molecule present in the drug.
The half-life of STZ is short, ranging from 5 to 15 minutes, therefore, it must be diluted
before induction. An acidic buffer must be used for the best activity, such as citrate buffer
with pH 4.4 - 4.5 (ELEAZU et al., 2013). The dose will depend on several factors such as
animal species, administration, age, weight, and nutritional and hydration status (ETUK &
MUHAMMED, 2010). The time of day in which STZ is administered also affects the
success of the induction, the study by CANDELA, HERNANDEZ & GAGLIARDINO
(1979) showed that inductions carried out in the late afternoon were more successful when
compared to those carried out in the morning. Therefore, in our work, the animals were
induced at 5 p.m., and we achieved 100% success in inducing diabetes. The study of
ELEAZU, IROAGANACHI & ELEAZU (2013) concluded that effective doses for
inducing diabetes in rats range from 55 to 75 mg/kg, using the via IP, in a single dose.
When very low doses are applied, the tendency is to lead to unstable and reversible
diabetes. In our study, we used a dose of 50 mg/kg, a slightly lower dose, but which proved
to be effective, leading to stable and irreversible diabetes.

One of the concerns of the GDM protocol is the possibility of the STZ drug crossing
the placental barrier, and acting directly on embryonic development and organogenesis, or
even on the fetal pancreas. In this context, it is known that induction before conception or
in the first gestational days can affect early development and cause miscarriages (FRASER
et al., 2007). Our choice of induction in G5 has based on the information that the period of
organogenesis in rats begins from G6 and extends to G15 (MEDEIROS et al., 2014), and
the development of beta-pancreatic cells in rats occurs during the last week of gestation
(BLONDEAU et al., 2011), thus, the endocrine pancreas of fetuses would not be affected
by STZ. In the literature, we find inductions at the most different gestational ages, from
pre-conception to G10 (BLONDEAU et al., 2011; CALUWAERTS et al., 2003; RAMOS,
etal., 2012; NATIF et al., 2003), also, induction in G5 (MERZOUK et al., 2002).

Our success rate for inducing GDM was 55,6%, considered very efficient compared

to reports from researchers who study diabetes. Some studies report on how unfavorable
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the maternal environment becomes when mothers are in hyperglycemia. In severe GDM,
severe hyperglycemia alters placental maturation, making it insufficient in its fetal nutrition
function, causing developmental harm and leading to a higher incidence of newborns with
restricted body weight. On the other hand, a mildly hyperglycemic environment results in
fetuses with macrosomia and hypoinsulinemia (CALDERON et al., 1999). One of the
factors involved in these complications caused by GDM is the oxidative damage caused by
excess glucose in maternal-fetal blood (JAKUS et al., 2014).

The formation and accumulation of advanced glycation end products (AGEs) and
AOPP in groups of mothers with hyperglycemia reflect the damage caused by the induction
of GDM. AGEs are generated by the non-enzymatic reaction of sugar with the free amino
groups of proteins and amino acids under conditions of hyperglycemia, altering their
structure and making them dysfunctional (BARBOSA, OLIVEIRA & SEARA, 2008;
VLASSARA & URIBARRI, 2014; LOBO et al., 2017). A variety of toxic a-oxoaldehydes
are produced under hyperglycemia in diabetes mellitus, with methylglyoxal (MGO) being
one of the most potent glycating agents, playing a key role in endothelial dysfunction that
leads to insulin resistance, hypertension, and nephropathy in diabetic patients (REYAZ et
al., 2020). The plasma level of MGO, among others, was significantly increased in diabetic
rats compared to healthy controls, demonstrating that the protocol applied was capable of
generating hyperglycemia during pregnancy by increasing the presence of glycoxided
products in plasma serum.

The increase in the oxidation of proteins, lipids, and carbohydrates occurs when the
production of reactive oxygen species exceeds the local antioxidant capacity, playing an
essential role in the pathogenesis of many diseases (KALOUSOVA, SKRHA & ZIMA,
2002). AOPPs are cross-linked protein products containing di-tyrosine that result in the
oxidation of proteins and are generated as a secondary response to oxidative stress, which
occurs due to the reaction of chlorinated oxidants with plasma proteins. These AOPPs are
elevated in diabetes, they have a structure similar to AGEs and have the ability to induce
the production of pro-inflammatory cytokines and adhesive molecules (TSUKAHARA et
al., 2003; CONTI et al., 2019; ZHOU et al., 2021).

The puppies from the group of diabetic mothers had higher mortality rates. Many
studies report how unfavorable the maternal environment becomes when mothers are in
hyperglycemia, which can alter placental maturation, making it insufficient in its function

of fetal nutrition, causing harm to the development of the offspring (Ejdes;jo et al.; Da Cruz
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et al., 2023). One of the factors involved in these complications caused by GDM is the
oxidative damage caused by excess glucose in maternal-fetal blood (Jakus et al., 2014).
The objective of this study was to develop an efficient protocol for inducing GDM,
from copulation to proving the disease in mothers during pregnancy and childbirth. In this
sense, we were able to show a sequence of essential care to better obtain positive results in
the experimental model, as well as prove the disease established not only by measuring
blood glucose but also by studying oxidative damage commonly linked to diabetes

mellitus.
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Figure captions

pa

Figure 1 — Vaginal washes from rats stained with gentian violet. A: Fertile phase absent
of sperm (estrus, see figure 2); B: Fertile phase combined with the presence of sperm
(arrows), indicating G1. Scale = 10pm.

Figure 2 — Phases of the estrous cycle observed in vaginal washes from Wistar rats stained
with gentian violet. A: Proestrus, characterized by a large number of round and
polynucleated cells, found scattered or grouped, and keratinized cells; B: Estrus, presents
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only keratinized and anucleated cells; C: Metestrus, presence of few leukocytes, little
mucus, and some keratinized cells; D: Diestrus, numerous leukocytes (very small) and
mucus filaments are visualized. Scale = 10um.

Figure 3 — Abdominal quadrants for intraperitoneal application. STZ was applied in the
third quadrant.
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Figure 4 — Assessment of rats, before pregnancy, in G7 and G17, in the different
comparison groups, non-diabetic (CT), gestational diabetes (GDM), and diabetic (D). A:
Evolution of body weight in grams: the dotted line represents animals that did not gain
weight in G7 and G17. B: Evolution of blood glucose in mg/dL: Before (p > 0.9999), G7
and G17 (***p < 0.0001). C: Percentage of pregnancy success: shows 100% gestational

success in the CT group, and 55.6% for the GDM group (**p = 0.005). Holm-Sidak test
(A and B) and Binomial test (C).
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ABSTRACT

Diabetes mellitus (DM) is characterized by a dysfunction in the secretion and/or action of
insulin, causing hyperglycemia. When the disease occurs during pregnancy, it is called
gestational diabetes mellitus (GDM), and the hyperglycemic state affects the developing
fetus, potentially causing various damages. Excess of glucose can compromise neural cells,
leading to neurophysiological and structural changes. This study aims to understand
whether offspring of diabetic rats show structural and/or functional impairment of the
cerebellum, due to its range of functions in body control and having approximately 80% of
the brain's neurons. For this purpose, the offspring were physically evaluated, and after
euthanasia, their brains were collected, followed by cerebellum dissection. These were
prepared for histomorphometric, immunofluorescent analyses, and target protein
expression, indicating inflammation, gliosis, oxidative imbalance, and cell death. To assess
functional impacts, the offspring underwent motor behavioral tests. The results showed that
the GDM group offspring had lower body mass indices, along with lower brain weight.
Cerebellar histomorphometry revealed thinner cortical layers with gliosis, as well as
oxidative imbalance and apoptosis. They also exhibited less exploratory behaviors,
indicative of reduced cognition. Thus, we conclude that maternal hyperglycemia interferes

with the cerebellar development of their offspring, potentially impacting adult life.

Keywords: gestational diabetes, hyperglycemia, motor nervous system, cerebellum,

development.
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1. Introduction

Gestational diabetes mellitus (GDM) is considered a public health problem,
characterized by glucose intolerance that begins during pregnancy (Batista et al., 2021) its
worldwide prevalence is 15.2% among pregnant women (Sun et al., 2022), and that
generally resolves postpartum but returns years later in most cases. The pathophysiology
of the disease is similar to type I diabetes mellitus, involving either deficiency in insulin
secretion or resistance to its action in different organs, and it is known that the gestational
phase itself contributes to these diabetogenic factors, as insulin and carbohydrate
metabolism, they occur to ensure an adequate supply of glucose to the fetus (Montenegro
and Rezende Filho, 2008). This insulin resistance is caused in part by the elevation of
placental hormones, such as growth hormone (GH), estrogen, human chorionic
somatotropin, and prolactin (Man¢t and Almeida, 2016).

Maternal hyperglycemia during pregnancy can cause hyperinsulinemia in the fetus,
oxidative stress, tissue hypoxia, and a decrease in iron levels (Hami et al. 2015), altering
the normal trajectory of the development of the fetal Nervous System, predisposing it to
neurodevelopmental disorders, including deficiencies in motor functioning, attention, and
learning capacity, possibly due to neuroinflammation and oxidation caused by excess
glucose (Chandna et al., 2015; Van Lieshout and Voruganti, 2008). Our work contributes
information about the development of the cerebellum, a tissue with around 80% of the
neurons present in the entire Central Nervous System (CNS), in the intrauterine
environment of diabetic females, and in the postnatal life until adulthood of the offspring.
Recent studies provide evidence that the cerebellum, in addition, to function in balance and
motor control, is central to motor learning, sensory discrimination, and complex cognitive
tasks (Arleo et al., 2023; Manto et al., 2012).

The cerebellum can be phylogenetically divided into archicerebellum (composed of
the flocculonodular lobe and related to the vestibular system), paleocerebellum (composed
of the vermis and medial region of the cerebellar hemisphere with motor functions and
proprioception), and neocerebellum (lateral region of the cerebellar hemisphere,
responsible for motor programming and currently related to cognition). The gray matter of
the mature cerebellum has three cellular layers identified by classical histology: the
molecular layer, the Purkinje cell layer, and the granular cell layer (Damiani et al., 2016).

In rats, cerebellar maturation occurs during the first three postnatal weeks
(Goldowitz and Hamre, 1998), which corresponds to the third trimester of embryonic brain

development in humans. In relation to the cerebellum, this is the active period of neuronal
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proliferation, migration, and differentiation of granule cells in the cortex region. Starting
with the rapid proliferation of thousands of immature neurons in the external granular layer
(EGL) of the cerebellum, covering the entire external surface of the cerebellar cortex, and
these migrate along the radial processes of glial cells through the molecular layer towards
the internal granular layer (IGL) and begin their differentiation into mature neurons (Yong
et al., 2015). At this stage, the cerebellar cortex has four layers: the external granular layer
(EGL), the molecular layer, the Purkinje cell layer, and the internal granular layer (IGL),
with the EGL being temporary, as it disappears after the completion of total cerebellar
differentiation, the so-called mature cerebellum (Mascarenhas et al., 2022).

Some studies show that fetal development in a hyperglycemic environment is
directly related to several pathologies that manifest as motor, behavioral, and cognition
changes, one of the functions of the cerebellum, such as autism and schizophrenia (Xiang
etal.,2018; Van Lieshout and Voruganti, 2008). In this sense, our work seeks to understand
how the cerebellum develops in a potentially injured environment, and whether there is an

impact on behaviors involving the functions of the cerebellum in adulthood in rats.

2. Methods
2.1.Animals and mating

All procedures performed with the animals were duly approved by the Animal Use
Ethics Committee (CEUA) of the Federal University of Uberlandia (UFU), protocol
056/18. The model used was heterozygous rats of the Wistar lineage (Rattus novergicus),
free of specific pathogenic germs (SPF), obtained and maintained in the Rodent Animal
Facility Network (REBIR) at the Federal University of Uberlandia (UFU).

39 animals were used, 12 males and 27 females (12 CT e 15 GDM) and they were kept
in polysulfone boxes, with adequate air circulation, controlled temperature between 18-
22°C, humidity of 45 to 55%, with an autoclaved wood shavings bed, and a 12/12-hour
light-dark light cycle. For feeding, commercial feed and drinking water were used in
dedicated drinking fountains, ad libitum.

After the animals reached eight weeks of age, the age of sexual maturity, and during
this period, males weighed around 200-250g and females weighed around 150-180g.
Nulliparous females were previously evaluated in relation to weight (g), using an electronic
scale with a precision of 0.1 gram (KERN 440-49n®), and blood glucose (mg/dL) after an
8-hour fast, to obtain a drop of blood from the animal's tail with the aid of a scalpel, and

the reading taken on a glucometer (Descarpack Plus®).
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Subsequently, the females were transferred to the male boxes in the late afternoon for
mating, in a ratio of two females to one male (temporary polygamous system). And in the
morning of the following day, the females were returned to their original boxes, to collect
vaginal fluid to control copulation.

The rats were restrained manually, then a Pasteur pipette containing saline solution
(0.9%) was introduced superficially into the vaginal canal, and the collected material was
deposited on the identified glass slides and stained with gentian violet. Then, the reading
and capture were carried out under an optical microscope, with a 20x objective. Thus, it
was possible to identify with greater precision the presence of sperm in the wash, indicating
the first day of gestation (G1), or its absence, and in this case, it was used to characterize
which phase of pregnancy reproductive cycle the rat was in, called the estrous cycle, which
lasts 4 to 5 days, with this it was possible to estimate the female's fertile day, this being the

determinant of the best day to put her back into mating.

2.2 Induction to GDM

On the fourth day of gestation (G4), the rats were fasted at the end of the day and
remained fasting for 24 hours. And on the fifth day (G5), the diabetes induction procedure
was carried out, through an intraperitoneal (IP) injection of streptozotocin (STZ) (Santa
Cruz Biotechnologies®). The drug was diluted at the time of induction, at a dose of 50 mg
of STZ per kilogram of weight, in citrate buffer (0.01M and pH 4.5), as STZ is only active
in an acidic environment. After dilution, the animals were manually mobilized, and with a
sterilized syringe with a fixed needle, the drug was applied to the animals via IP. A parallel
group of pregnant rats, determined as the control group (CT), were induced under the same
conditions, but without the drug, using only the citrate buffer diluent (0.01M and pH 4.5)
for subsequent comparison.

After 48 hours of induction, exactly on the seventh day of gestation (G7), the
females were fasted in the morning and kept for eight hours, and at the end of the day, they
were weighed (g) and blood glucose was measured (mg/ dL), rats with fasting blood

glucose > 200 mg/dL is considered diabetic.

2.3 Offspring and groups

The puppies were divided according to Table 1. They underwent assessments of
body weight (g), nasoanal length (cm), blood glucose (mg/dL), total brain weight (g) and
relative (%), at 7, 30, and 90 days of age.
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2.4 Cerebellum analysis

2.4.1 Tissue morphology

After euthanasia, half of the animals per group and age underwent thoracotomy for
transcardiac perfusion with 5-20 ml of buffered saline (PBS) (0.01 M and pH 7.4) and,
subsequently, with 5-20 ml of 3.4% formaldehyde fixative solution in PBS. The brains
were then extracted, first weighed (g), and then followed by histological preparation.

The tissue remained for 48 hours in a fixative solution at 4°C, was submerged in
sucrose solutions in increasing concentrations (10, 20, and 30%) for dehydration and
cryoprotection and, after 72 hours, they were included in Tissue-tek and frozen in chilled
isopentane (-40°C) with the aid of liquid nitrogen (-195.8°C). These were stored in a
freezer (-20°C) until the histological sections were obtained using a cryostat (Leica®),
serial frontal sections 10 um thick. To locate the region of interest for the study, the
cerebellum, the brain coordinates map of rats Paxinos and Watson (2006) was used. The
sections were transferred to previously gelatinized glass slides and stored in a freezer (-
20°C) until histochemical and immunofluorescence markings were performed.

Part of the slides containing frontal sections of the cerebellum were stained with
Nissl corpuscles, that is, rough endoplasmic reticulum with basophilic characteristics,
which stain purple and are found in neural cells. First, they were submerged in a cresyl
violet solution (1g of cresyl violet, 100 ml of distilled water, and 10 ml of 10% acetic acid)
for 10 minutes, washed in distilled water, dehydration process in an increasing series of
ethanol (70, 80, 90 and 100%1, 100%2 and 100%3) for 1 minute each, for dehydration,
diaphanization process in xylene (1, 2 and 3) for 5 minutes each. Then mount the slides
using a mounting medium (Entellan®) and a properly cleaned coverslip. Subsequently, the
slides were digitized in a slide scanner (ScanScope AT®), at 20x magnification, to be
analyzed, with the ImageJ software, in relation to the measurement of the external granular
layer (EGL) at P7, measurement of the cerebellar layers (molecular, Purkinje and granular
cells) and quantification of Purkinje cells at P30 and P90.

Another part of the slides containing frontal sections of the cerebellum were sent
for specific immunostaining for astrocytes. First, they were washed three times in buffered
saline (PBS) (0.01 M and pH 7.4) for five minutes each, treated with ice-cold methanol for
antigen retrieval for five minutes, then non-specific binding was blocked using albumin.
bovine diluted in PBS (BSA 5%) for one hour and 30 minutes, and incubated with the
primary antibody, mouse anti-GFAP (Santa Cruz Biotechnologies® 1:100, astrocyte

marker), overnight at 4°C. The next day, the slides were washed three times in PBS for five
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minutes each, and then incubation began with the secondary antibody, mouse conjugated
with Alexa-Fluor 488 nm (Jackson Lab® 1:200), for two hours, and washed in PBS.
Afterward, the slides were mounted using glycerol containing DAPI (4',6-diamidino-2-
phenylindole) (Santa Cruz Biotechnologies® 1:1000, nuclear marker) and a properly
cleaned coverslip, stored at 4°C and protected from light. Subsequently, the slides were
photographed under a fluorescence microscope (TSi NIKON®), at 20x magnification, to

be qualitatively analyzed in relation to the presence of astrogliosis at P7, P30, and P90.

2.2.1 Tissue protein extract

After euthanasia, half of the animals per group and age did not undergo perfusion
for washing and fixation. The brains were then extracted, first weighed (g), and
subsequently, the cerebellum was separated for protein extraction. The extraction of total
proteins was started with the addition of homogenization buffer (0.01 M and pH 7.4), in
amounts calculated per sample weight (g), with the aid of a sample homogenizer, followed
by refrigerated centrifugation (800xg for 15 min at 4°C), the supernatants were separated,
and using the Bradford method (Bradford, 1976) the total protein was quantified by reading
the absorbance in an Elisa reader (Perkin-Elmer LS 55®) at 595nm. Such data are plotted
in spreadsheets (Excel®) for normalization of the other tests.

Aliquots containing supernatant were stored in an ultra-freezer (-80°C) after

oxidative stress tests, to perform apoptosis analyses.

* Oxidative stress
The aliquots containing cerebellum protein extract underwent redox balance
evaluations, and for this purpose, the formation of reactive oxygen species (ROS),
indicators of protein damage (AOPP), and antioxidant activity were measured, using the
iron reduction method (FRAP), enzymatic antioxidant system, including the enzymes

superoxide dismutase (SOD) and glutathione levels (GSH, GR and GPx).

a. ROS: The determination of ROS levels was performed following the method described
by Sommerfeld et al. (2022). In brief, the homogenates were incubated with dichloro-
dihydro-fluorescein diacetate (10 uM) and Tris-HCI buffer (5 mM, pH 7.4) for 3 minutes.
Subsequently, the fluorescence was measured in 96-well microplates in an Elisa reader

(Perkin-Elmer LS 55®) at 530 nm.
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b. AOPP: AOPP (Advanced Oxidation Protein Products) is a method for quantifying
advanced protein oxidation products. The determination of AOPP levels was carried out
by spectrophotometric measurements using chloramine-T as a standard reference. Briefly,
the sample was diluted in PBS, or standard chloramine-T solutions (0—500 umol/L), placed
in a 96-well plate, followed by acetic acid and potassium iodide (KI) (1.16 M). Absorbance
was immediately read at 340 nm. AOPP concentrations were expressed in pmol/liter of

chloramine-T equivalents (Conti et al., 2009)

c. FRAP: The antioxidant capacity is determined through the ferric reducing antioxidant
potential. In this assay, the antioxidants present in the sample reduce Fe3+ to Fe2+, which
is chelated by 2.,4,6-tri (2 pyridyl)-s-triazine (TPTZ) to form the Fe2+ - TPTZ complex,
with an intense blue color. This colored complex is read on the spectrophotometer (brand®)
at 593 nm. The antioxidant capacity of the sample is determined using an analytical curve,
constructed with Trolox as a standard. Trolox (6-hydroxy-2,5,7,8-tetramethachroman-2-
carboxylic acid), is a hydrophilic analogue of vitamin E and is used as a standard

antioxidant agent (Benzie and Strain,1996).

d. SOD: SOD catalyzes the dismutation reaction of two superoxide radicals to hydrogen
peroxide and oxygen and is called the primary defense against oxidative stress, as the
superoxide radical is a strong initiator of chain reactions. The hydrogen peroxide formed
is less reactive than the superoxide radical and is further degraded by other systems, such
as catalase and glutathione peroxidase. The method is based on the inhibition of the
superoxide radical reaction with pyrogallol. Superoxide is generated by the autoxidation of
pyrogallol in a basic medium. The SOD present in the sample competes for the superoxide
radical with the detection system. The oxidation of pyrogallol leads to the formation of a
colored compound, detected on the spectrophotometer (brand®) at 420 nm. SOD activity
is determined by measuring the rate of formation of oxidized pyrogallol. Results are
expressed in units of SOD/mg protein (U/mg). One unit of SOD is defined as 50% of the
autoxidation of pyrogallol (Marklund and Marklund, 1974).

e. Measurement of glutathione (GSH), oxidized (GPx), and reduced (GR) equivalents:
To reduced glutathione (GSH), the protein content of the samples was initially precipitated
by metaphosphoric acid (MPA) (1:1). The samples were centrifuged (7000xg for 10

minutes), and the supernatant was collected and mixed with sodium phosphate buffer (100



37

mM, pH 8.0), containing EDTA (5mM) and ortho-phthaldialdehyde (1 mg/mL in
methanol). The mixture was incubated in the dark at room temperature for 15 min and
fluorescence was measured at 350 nm (excitation) and 420 nm (emission). A standard curve
of GSH (0.001-0.1 mM) was used for linear regression. To measure the glutathione
peroxidase (GPx) activity, the homogenate was incubated with GPx buffer (100 mM
potassium phosphate containing 1 mM EDTA, pH7.7), sodium azide (40 mM), GSH
(diluted in 5% metaphosphoric acid), GR (diluted in GPx buffer), NADPH (diluted with
sodium bicarbonate 5%) and tert-butyl (0.5 mM). The reduction in NADPH concentration
was evaluated for 10 minutes in a spectrophotometer (brand®), at 340 nm. To glutathione
reductase (GR) activity, was evaluated using oxidized glutathione (GSSG) and
nicotinamide adenine dinucleotide phosphate (NADPH) as substrates. The activity of the
enzyme was determined using sodium phosphate buffer (200 mM, pH 7.5), EDTA (6.3
mM), GSSG (1 mM), NADPH (1 mM) and the samples. The consumption of NADPH was
measured at 340 nm for 10 minutes. A GR unit is defined as one umol of reduced GSSG

per minute. The specific activity was calculated as U/mg of protein (Diniz et al., 2016).

* Detection of caspase-3 activation

Caspase-3 proteolytic activity was measured by fluorimetry, using the EnzChek®
Caspase-3 Assay kit, according to the manufacturer's specifications (Thermo Fisher
Scientific®). The basis of the technique consists of the property that caspase-3 exhibits in
cleaving the c-terminal site of the aspartate residue of the DEVD sequence (Asp-Glu-Asp).
In this way, the kit provides the substrate for caspase 3 activity linked to fluorescein
rhodamine 110 (Z-DEVD.AMC Substrate) which, in contact with the samples containing
the enzymes, displays fluorescence, which is read in a microplate reader on the wavelength

of 441nm.

2.2.1 Behavioral analyzes

The puppies in the 90-day group (CT and GDM) were subjected to behavioral
assessment tests before euthanasia. The Open Field Test (OFT) is a behavioral test used to
study locomotion and anxiety. The animal's activity is evaluated for approximately five
minutes in an apparatus suitable for the test, made of wood, circular in shape, containing a
base divided into peripheral and central quadrants, and a wall. The animals are filmed for
five minutes and exposed to OFT. In it, locomotor activity is analyzed (time spent in the

center and on the periphery, number of exploratory events carried out, and distance
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covered), with the help of Smart Video Tracking Software (Panlab®). The Elevated Cross
Maze (ECM) is a behavioral test used to observe movement, exploration of the
environment, and anxiety levels. The animal's activity is evaluated for approximately five
minutes in an apparatus suitable for the test, elevated 90 centimeters from the ground and
formed by two open arms that form a cross with two closed arms. The animals are filmed
for five minutes and exposed to the ECM. In it, locomotor activity is evaluated (time spent
in the closed and open arms, number of exploratory events performed, and distance
covered) with the help of Smart Video Tracking Software (Panlab®). It is based on the
animal's “avoidance” behavior in an unknown environment combined with the natural
aversion to open, potentially dangerous regions. Thus, the percentage of preference (time
spent) for the open and closed arms is considered a reliable index of anxiety: the higher the

level of anxiety, the lower the percentage of staying in the open arms.

3. Results

3.1.Body and brain weights and blood glucose of offspring

Assessment data on body mass index (BMI), brain weight, and blood glucose levels
of puppies, at seven, 30, and 90 days of age (Figure 1). Pups from sick mothers during
pregnancy had lower body mass indexes (Figure 1A, P7 p <0.0001, P30 p = 0.0042, and
P90 p = 0.0255) when compared to pups from healthy mothers during pregnancy. In
relation to the glycemic assessment (Figure 1B), the puppies of diabetic mothers at thirty
days old had lower blood glucose levels (p =0.0114), and at ninety days old they had higher
blood glucose levels (p = 0.0092), both when compared to the group control. However, all
puppies were normoglycemic in the evaluations.

We measured the absolute (g) and relative weight (%) of the puppies' brains in the
periods of seven, 30, and 90 days of age (Figure 1C). Pups from sick mothers during
pregnancy had lower brain mass weights at both ages (p < 0.0001) when compared to pups
from control mothers. In relation to brain weight relative to body weight (Figure 1D), pups
in the GDM group had larger brains for their body weight at both ages (P7 p <0.0001, P30
p = 0.0006, and P90 p = 0.0368), when compared to control puppies. In other words, the
puppies of diabetic rats are born with smaller brains, and these are even larger than their

body proportion.

3.2.Morphological assessments of the developing cerebellum
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Figures 2 and 3 present data from histological analyses of the cerebellum at 10x
and 20x magnification, specifically in the neocerebellum region, located with the aid of the
Paxinos and Watson map (2006), at the ages of seven, 30, and 90 days of age. Seven-day-
old pups showed no differences in terms of the length of the external granular layer (EGL)
between the study groups (CT and GDM) (Figure 2, p > 0.9999). The pups in the GDM
group had thinner cerebellar layers (Figure 3), when compared to the CT group, at the ages
of 30 (p <0.0001 and p = 0.0005) and 90 days (p = 0.0150 and p = 0,0020). But there were
no differences in relation to the quantity of Purkinje cells between the CT and GDM groups,
at the ages of 30 (p = 0.3299) and 90 (p = 0.2043) days of age.

3.3. Assessment of neocerebellar astrogliosis

To verify the presence of reactive astrocytes (or precursors cells) in the
neocerebellum region, in both groups (CT and GDM) and ages (P7, P30, and P90),
immunostainings were performed for a specific protein in the cerebellum, using the mouse
anti-GFAP antibody (glial fibrillary acidic protein, an intermediate filament protein that is
expressed by astrocytes). The images were qualitatively compared between the groups (CT
and GDM) by age (Figure 4), and it was noted that the GDM group at ages 30 and 90 days
presented more reactive astrocytes, with hypertrophic characteristics, which is called

astrogliosis.

3.4. Redox balance assessment and cerebellar cell death

Figure 5 presents the quantifications of the redox balance analysis in the
cerebellum of puppies from CT and GDM mothers, at the ages of seven, 30, and 90 days.
Oxidant activity, antioxidants, and their enzymes are measured. The GDM group showed
higher rates of oxidative stress at P30 (p = 0.0226) and P90 (0.0002) (Figure SA) but
without signs of protein damage (Figure 5B). In relation to the antioxidant system, at P7
the FRAP levels were increased (p = 0.0219), while at P30 the antioxidant activity was
decreased (p = 0.0171) (Figure 5C), in the evaluation of antioxidant enzymes, SOD
presented was increased at the ages of P7 (p = 0.0078) and P30 (p = 0.0049) (Figure 5D)
and glutathione was increased only at P90 (p = 0.0260) (Figure 5G). It is noted that the
cerebellum of puppies in the GDM group presents oxidative stress when compared to

puppies in the control group.
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The data obtained after the caspase-3 activation assay (Figure SH) showed that it
was more activated in the GDM group of seven-day-old pups (p = 0.0139) but decreased
at ages P30 (p = 0.0065) and P90 (p = 0.0061) when compared with the control group.

3.5. Motor behavior assessments

For these results, animals aged 90 days (P90) were subjected to two behavioral tests,
the elevated plus maze (ECM) and the open field test (OFT), evaluating parameters of time
spent in different test regions, behaviors exploratory surveys and total distance covered
(Figure 6). In the ECM, the animals in the GDM group explored less the apparatus,
stretched out in closed arms (SAP BF p < 0.0001), stretched out in open arms (SAP BA p
= 0.0083), and traveled a greater distance (p = 0.0282), when compared to the CT group.
While in OFT, no differences were observed between the groups in both parameters

evaluated.

4. Discussion

Maternal hyperglycemia interfered with the direct development of the puppies, as
they had lower body mass indexes, lower blood glucose levels, lower brain weights, and
sizes, they had cerebellum with thinner layers, and astrocytes present in the molecular
layers were more reactive, that is, hypertrophied in response to hyperglycemia. This
damage is found in the increase in reactive oxygen species, indicative of oxidative damage,
where the antioxidant system is not able to contain oxidation. When these animals reached
adulthood, we saw in behavioral tests that they tended to have anxieties and were less
exploratory indicating impact on cerebellar function even after its maturity. Next, we will
discuss each result.

The puppies from the group of diabetic mothers had lower body mass indexes, and
birth weight is an important indicator of postnatal and adult health and survival. Many
studies report how unfavorable the maternal environment becomes when mothers are in
hyperglycemia. In severe GDM, severe hyperglycemia alters placental maturation, making
it insufficient in its fetal nutrition function, causing harm to development and leading to a
higher incidence of newborns with restricted body weight. On the other hand, a mildly
hyperglycemic environment results in fetuses with macrosomia and hypoinsulinemia
(Ejdesjo et al.; Da Cruz et al., 2023). One of the factors involved in these complications
caused by GDM is the oxidative damage caused by excess glucose in maternal-fetal blood

(Jakus et al., 2014).
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In the glycemic assessment, the animals in the GDM group showed lower blood
glucose levels as they aged but were still all considered normoglycemic. Studies in humans
have shown that maternal hyperglycemia can lead to fetal hyperinsulinemia, with postnatal
hypoglycemia, which recovers spontaneously over time, but this hypoglycemia may be
responsible for deficient neurological development (Pereira et al., 2021). The work of
Blondeau et al. (2011), with GDM models in Sprague Dawley, showed that over time the
offspring developed insulin resistance, with hyperglycemic evolution, but without
histomorphometric changes in the pancreatic tissue. It is known that maternal diabetes can
alter several tissues that may be related to insulin dysfunction in addition to the pancreas,
such as the liver, skeletal muscles, and adipose tissue (Petropoulos et al., 2015).

The puppies of diabetic mothers had smaller brains but were still considered large
in proportion to the size of the individual. Such results may be related to the low BMI and
lower blood glucose levels presented by these animals. It is known that GDM can lead to
growth restriction, with consequent damage to the development of various tissues (Lazo-
De-LaVega et al., 2020; Pereira et al., 2021). Studies show how GDM and the mother's
immune activation can affect fetal brain development, leading to increased risks of
psychiatric disorders in several areas of adult life. The work of Money et al. (2018) showed
that the combination of insults linked to hyperglycemia and immune activations alter
factors circulating in the mother's serum, which alter the embryo's gene expression
associated with inflammation and neurodevelopment, pathways implicated in the
differentiation of dopaminergic neurons and innate immune responses. Studies show that
uncontrolled diabetes during pregnancy induces adverse effects on the offspring's brain
nerve cells, and these effects remain during the postnatal period (Ghafari et al., 2015),
which can directly impact the size and development brain.

Knowing the restriction in the brain development of the puppies, the focus was on
the histomorphometric study of the cerebellum, since the puppies of diabetic mothers had
thinner cerebellar cortex layers, compared to the healthy group, which may imply a lower
brain weight. In the study by Hami et al. (2016), the effect of maternal diabetes on the
volume and morphogenesis of the cerebellar cortex of neonatal rats during the first two
weeks of these animals' lives was investigated, and they concluded that maternal
hyperglycemia-induced neurotoxic effects on the granules and Purkinje cells, with a
significant reduction in the thickness of the cerebellar cortical layers, which can result in
delay in normal cerebellar development and lead to structural, motor, behavioral and

cognitive abnormalities in these offspring of diabetic mothers. The study by Razi et al.
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(2015) concluded that GDM led to a reduction in cell density and in the various layers of
the cerebellum, in Wistar rats at the ages of 21 and 28 days.

We evaluated these changes in the puppies by age, and at seven days, we measured
the external granular layer (EGL), which contains precursor cells for the formation of the
other layers, and it showed no differences in terms of thickness. But caspase-3 levels were
high at this age, as this phase is marked by intense cell proliferation and apoptosis, due to
it being a precursor layer (Hami et al., 2016). No increase in oxidative damage was
observed, and the total antioxidant system (FRAP) of these animals was elevated, as were
their enzymes (SOD). Cell death, via caspase-3, is essential for normal brain development,
in ways specific to region, cell types, and death stimuli (Porter and Janicke, 1999), which
is why it is seen in the control group. However, when exacerbated by injurious or non-
physiological stimuli, it can cause functional impairment.

The reduction in the thickness of the cerebellar layers may be linked to the high cell
death seen initially at seven days of age, or to neurogenesis blockade pathways caused
directly by maternal hyperglycemia (Hami et al., 2016). Previous studies have shown that
exposure to high levels of glucose leads to the inhibition of the proliferation of neural
precursor cells in areas of the brain undergoing neurogenesis (Jackson-Guilford et al.,
2000). Furthermore, evidence indicates that prolonged maternal hyperglycemia during
critical periods of development deregulates apoptosis levels and affects hippocampal
neurogenesis, decreasing cell proliferation and survival (Piazza et al., 2019).

In this same tissue, we observed the presence of astrogliosis in the group of GDM
puppies at all ages, through immunostaining of the astrocytic cytoskeleton, demonstrating
hypertrophy of these cells, indicative of a response to possible damage caused by maternal
hyperglycemia. Studies with gestational diabetes focusing on other brain regions found a
high level of GFAP expression in the hippocampus in groups of puppies from diabetic
mothers during pregnancy, found to be active even in the group treated with insulin
(Sadeghi et al., 2016), showing a relationship of hyperglycemia and astrogliosis.

Brain function requires a constant supply of glucose and oxygen and homeostasis
between astrocytes and neurons. Impairments in this metabolic regulation alter energy
supply and neuronal morphology, with the accumulation of neurotoxins, which contributes
to the maintenance of an inflammatory microenvironment, dysfunction synaptic and
mitochondrial, leading to neuronal death and consequent cognitive phenotypic changes
(Garcia-Serrano and Duarte, 2020). In the oxidative stress test, animals aged 30 and 90

days showed high concentrations of ROS, indicative of oxidative damage, and their
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antioxidant systems, even when active, are insufficient to combat the damage (FRAP, SOD,
and Glutathione). The increase in the oxidation of proteins, lipids, and carbohydrates
occurs when the production of reactive oxygen species exceeds the local antioxidant
capacity, playing an essential role in the pathogenesis of many diseases (Kalousova et al.,
2002). High and prolonged exposure to glucose decreases the activity of glutathione in
various tissues, such as vascular endothelium, kidney cells, and brain mitochondria, that is,
hyperglycemia weakens the nervous antioxidant system (Ballatori et al., 2009).

After all the morphological changes were found, we went in search of what the
impacts would be on the adult life of these animals. For this we use behavioral tests, ECM
and OFT, to evaluate the locomotor and exploratory activities (cognitive tasks) of the
animals, as it is known that the natural tendency of rodents in a new environment is to
explore it, despite the stress and fear caused by it (Arruda et al., 2012). The animals in the
GDM group covered greater distances, within closed arms, their locomotor capacity was
not altered, and they showed less exploratory behavior in a new environment, indicating
behavioral impairment. Cognitive impairment appears because of several cellular events
intensified by hyperglycemia and hyperinsulinemia, which can culminate in neuronal loss,
activation of inflammatory cells, and impairment of the blood-brain barrier function
(Calvo-Ochoa et al., 2014; Vilela, 2021). Research by Schneider (2020) showed data on
the progression of diabetes in rodents, with changes observed in areas of cerebral glucose
metabolism related to locomotion and cognition, and saw a direct induction of cognitive
impairment, but without changes in locomotor activity, using the same behavioral tests.

In summary of our results, hyperglycemia during the gestational period impacts the
postnatal development of the cerebellum, and possibly of other brain areas, these changes
are metabolic, morphological, and cellular, probably other morphophysiological aspects
are also impacted and which were not investigated in the present study. It was confirmed
that such changes, seen and not seen here, can impact the function in the animal's adult life,
despite focusing on the cerebellum, motor skills, and cognition are tasks controlled by
several regions of the nervous system, in this sense, the impact of diabetes gestational age

is probably greater than what we were able to show in this work.
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Table and caption

Table 1 - Division of puppies by groups referring to their mothers, control (CT), and
gestational diabetes (GDM), and by euthanasia age group, seven (P7), thirty (P30) and
ninety (P90) days.

P30 n=28 n=22
PS0 n=28 n=11
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Figure 1 — Assessment of BMI, brain weight, and blood glucose (mg/dL) of puppies, seven (P7),
thirty (P30) and ninety (P90) days old, in the different comparison, control (CT) and gestational
diabetic (GDM) groups. A: Body mass index (BMI) graph, pups from the GDM group had lower
BMIs at both ages, P7, P30 and P90, when compared to the CT group. B: Blood glucose graph in
mg/dL, at P30 the puppies in the GDM group had lower blood glucose levels and at P90 higher blood
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glucose levels, when compared to the control group, but still considered normoglycemic. C: Graph
of brain weight in grams (g), pups in the GDM group had smaller brain masses at both ages, when
compared to the CT group; D: Graph of brain mass relative to the pups' body weight, pups in the
GDM group had larger brains in relation to their weight at both ages, when compared to the control
group; E: Photos of the brains of seven-day-old pups, comparing GDM and CT groups, showing the
difference in brain sizes. Unpaired t-test. *p<0.05, **p <0.01, ***p<0.0001.
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Figure 2 — Morphological evaluation of the cerebellum of seven-day-old pups. A and B:
Photomicrographs at 20x magnification of the CT (A) and GDM (B) groups, of the cerebellum of
seven-day-old Wistar rat pups (P7). C: Average graph comparing the length of the external granular
layer (EGL) between groups, but without differences between groups. D: Photomicrograph showing

in detail the regions that were measured. Unpaired t-test. Scale = 200 um.
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Figure 3 — Morphological evaluation of the cerebellum of puppies at 30 and 90 days of age. A and B: Photomicrographs of the CT (A) and GDM (B) groups,
of the cerebellum of 30-day-old Wistar rat pups (P30; scale =300um). C: Average graph that compares the length of the cerebellar layers (Molecular, Purkinje
cells and Granular) between the CT and GDM groups, the pups in the GDM group had thinner layers. D and E: Photomicrographs of the CT (D) and GDM
(E) groups, of the cerebellum of 90-day-old Wistar rat pups (P90). F: Average graph that compares the length of the cerebellar layers (Molecular, Purkinje
cells and Granular) between the CT and GDM groups, the pups in the GDM group also had thinner layers. G and H: Photomicrographs of the CT (G) and
GDM (H) groups, of the cerebellum of 30-day-old Wistar rat pups (P30). I: Average graph comparing the number of Purkinje cells in a determined length
(um) between the CT and GDM groups, with no differences between the groups. J and K: Photomicrographs of the CT (J) and GDM (K) groups, of the
cerebellum of 90-day-old Wistar rat pups (P90). L: Photomicrograph showing in detail the regions that were measured. Scale = 300 um (A, B, D, E) and
200 um (D, H, J, K). Unpaired t-test. *p<0.05, **p <0.01, ***p<0.0001.
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Figure 4 — Morphological evaluation of the cerebellum of pups at seven, 30 and 90 days of age,
by immunofluorescence with mouse anti-GFAP antibody, at 20x magnification. A and B:
Photomicrographs of the cerebellum of seven-day-old pups (P7), from the CT (A) and GDM (B)
groups. C and D: Photomicrographs of the cerebellum of 30-day-old pups (P30), from the CT (C)
and GDM (D) groups. E and F: Photomicrographs of the cerebellum of pups at 90 days of age
(P90), from the CT (E) and GDM (F) groups. By qualitative assessment, it is noted that the GDM
group at both ages’ present markings of astrocytes in hypertrophy, characteristic of astrogliosis.

Scale = 10 pum. Squares magnified 2x.
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Figure 5 — Evaluation of the redox balance and caspase assay of the cerebellum of puppies at seven, 30 and
90 days of age, in the control (CT) and gestational diabetic (GDM) groups, using graphs of means and
standard error. A: Graph of oxidant activity measurements, by quantifying reactive oxygen species (ROS);
B: Graph of protein damage measurements through the determination of advanced protein oxidation
products (AOPP); C: Graph of measurements of total antioxidant activity using the iron reduction method

(FRAP); D: Graph of measurements of primary defense against oxidative stress, by superoxide dismutase
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(SOD); E, F and G: Graphs of measurements of defense against oxidative stress, by the equivalents of
reduced (GSH), oxidized (GPx) and reductase (GR) glutathione, respectively. The GDM group showed
higher rates of oxidative stress, at the ages of P30 and P90, but without signs of protein damage. In relation
to the antioxidant system, at P7 the FRAP levels were increased, while at P30 the antioxidant activity was
decreased, in the evaluation of antioxidant enzymes, SOD presented was increased at the ages of P7 and
P30 and glutathione was increased only at P90. H: Graph of detection of fluorescence emitted by active
caspase-3 in protein extract from cerebellum. It is noted that caspase-3 activation was elevated in the GDM

group at P7, while at P30 and P90 it was less active. Unpaired t-test. * p<0.05, ** p <0.01, ***p<0.0001.
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Figure 6 — Graphs of behavioral tests performed with puppies at 90 days of age (P90), in the control (CT) and gestational diabetic (GDM) groups. A and
B: Parameters evaluated in the elevated plus maze (ECM). Number of exploratory events: dive in open arms (HD BA), stretched out in closed arms (SAP
BF), stretched out in open arms (SAP BA), hearing, grooming (A) and distance covered (B). C and D: Parameters evaluated in the open field test (OFT),
number of exploratory events: rearing, grooming (C) and distance covered (D). It is noted that in ECM the GDM group explored the apparatus less and

covered a greater distance, when compared to the CT group. Unpaired t-test. *p<0.05, **p <0.01, ***p<0.0001.
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ANEXO 1 - Certificado de aprovaciao do CEUA/UFU

| Universidade Federal de Uberldndia ! ] 1!
- Comissio de Etea na Utilizacio de Animals - (keachs 4 Arknss
CERTIFICADO

Certificamos gue o projeto intitulade “Alteracfes sensitivas, motoras e cognitivas
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