UNIVERSIDADE ESTADUAL DE MARINGA
CENTRO DE CIENCIAS BIOLOGICAS
PROGRAMA DE POS-GRADUACAO EM CIENCIAS BIOLOGICAS
AREA DE CONCENTRACAO EM BIOLOGIA CELULAR E MOLECULAR

CARLOS VINICIUS DALTO DA ROSA

RESTRICAO ALIMENTAR PROTEGE A FISIOLOGIA GERAL E A MORFOLOGIA
DO INTESTINO DELGADO DOS DANOS CAUSADOS PELO DIABETES
MELLITUS TIPO 2 EM RATOS WISTAR

Maringa
2018

Avenida Colombo, 5790 Bloco 1-89 Sala 002 ¢ Campus Universitario ¢ CEP 87 020-900 e Maringa — PR
Fone: (44) 3011-4908 — http://www.pbc.uem.br



http://www.pbc.uem.br/

CARLOS VINICIUS DALTO DA ROSA

RESTRICAO ALIMENTAR PROTEGE A FISIOLOGIA GERAL E A MORFOLOGIA
DO INTESTINO DELGADO DOS DANOS CAUSADOS PELO DIABETES
MELLITUS TIPO 2 EM RATOS WISTAR

Tese apresentada ao Programa de Pés-
graduacédo em Ciéncias Bioldgicas (area de
concentracéo - Biologia Celular e Molecular),
da Universidade Estadual de Maringa para a
obtencdo do grau de Doutor em Ciéncias
Bioldgicas.

Orientador: Maria Raquel Marcal Natali
Coorientador: Vilma A. Ferreira de Godoi

Maringa
2018



Dados Internacionais de CatalogagéBublicacao (CIP)
(Biblioteca Central - UEM, Maring@R, Brasil)

Rosa, Carlos Vinicius Dalto da
R788r  Restricdo alimentar protege a fisiologia geral e
a morfologia do intestino delgado dos danos causado s
pelo diabetes mellitus tipo 2 em ratos wistar /
Carlos Vinicius Dalto da Rosa. -- Maringa, 2018.
67 f. : il. color., figs., tabs.

Orientadora: Prof.2 Dr.2 Maria Raquel Ma rcal
Natali.

Coorientadora: Prof.2 Dr.2 Vilma Apareci da
Ferreira de Godoi.

Tese (doutorado) - Universidade Estadual de

Maringa, Centro de Ciéncias Bioldgicas, Programa de
Pés-Graduacgao em Ciéncias Bioldgicas, 2018.

1. Neurdnios mioentéricos. 2. Insulina. 3.
Restricdo dietética. 4. Jejuno. 5. lleo . I. Natali ,
Maria Raquel Marcal, orient. Il. Godoi, Vilma
Aparecida Ferreira de, coorient. lll. Universidade
Estadual de Maringa. Centro de Ciéncias Bioldgicas.

Programa de P4s-Graduacéao em Ciéncias Bioldgicas.
IV. Titulo.

CDD 21.ed.571.3

Mariza Nogami CRB 9/1569



CARLOS VINICIUS DALTO DA ROSA

RESTRIGAO ALIMENTAR PROTEGE A FISIOLOGIA GERAL E A MORFOLOGIA
DO INTESTINO DELGADO DOS DANOS CAUSADOS PELO DIABETES

MELLITUS TIPO 2 EM RATOS WISTAR

Tese apresentada ao Programa de Pés-
graduacédo em Ciéncias Biolégicas (area de
concentragao - Biologia Celular e Molecular),
da Universidade Estadual de Maringa para a
obtencdo do grau de Doutor em Ciéncias
Biologicas.

Orientador: Maria Raquel Marcal Natali
Coorientador: Vilma A. Ferreira de Godoi

Aprovado em: £5.07./2018

ANCA EXAMINADORA

(U~ ;z\rﬁ/O\ Oﬂ L¥

Maria Raquel Marcal Nafali~
Uhiversidade Estadual de Maringa

onke LoV

\iojéo Paulo Ferre r# Schoffen
Universldade Estadual Norte do Parana

%’Mﬂt_ﬂl‘ \UF“A '(/1.9,',1:'1_ \.‘\JJJ‘_,fa
Eneri Vieira’de Souza Leite Mello
Universidade Estadual de Maringa

A i 30 N\ oo 2050
Marcia do Nascimento Brito
Universidade Estadual de Maringa

. L oo

Rodrigo Polimeni Constantin
Universidade Estadual de Maringa




BIOGRAFIA

Carlos Vinicius Dalto da Rosa nasceu em Santa Mariana/PR em 21/03/1991. Em 2012
graduou-se em Ciéncias Bioldgicas pela Universidade Estadual do Norte do Parana
(UENP). Em 2013 iniciou o programa de Pés-graduacdo em Ciéncias Bioldgicas (Area
de concentracdo — Biologia Celular e Molecular) em nivel de mestrado, na
Universidade Estadual de Maringa (UEM), cuja conclusdo ocorreu em 2015. Em 2015
iniciou o nivel de doutorado no mesmo programa. Em 2018 iniciou a docéncia de
ciéncias morfofuncionais na Universidade Norte do Parana (UNOPAR). Tem
experiéncia na area de Histologia, Biologia Celular e Bioquimica, atuando nos temas
morfofisiologia intestinal, neurdnios entéricos, morfofisiologia hepatica, restricdo
alimentar, glutamina, envelhecimento e diabetes.



AGRADECIMENTOS

Agradeco primeiramente a minha familia, pois tudo que sou e faco devo a eles.
Agradecimento especial a Ana Carolina C. Ambrosio pelo apoio incondicional.

As minhas orientadoras Maria Raquel Marcal Natali e Vilma Aparecida Ferreira
de Godoi, por anos de atencéo, apoio, paciéncia, ensinamentos e amizade. Nossa
convivéncia me ensinou que a paixdo pelo ensino e conhecimento podem existir
mesmo com as dificuldades de pratica-los em nosso pais.

A Jéssica Men de Campos, Leonardo Beni Gomes e Gabriela Scomparin
Goularte pelo auxilio e companheirismo no desenvolvimento do projeto.

Aos meus amigos: Silvia Carla Santana, por sempre ter estado ao meu lado, no
trabalho e amizade, desde o mestrado, e todo o pessoal dos laborat6rios de
“Histologia” e “Fisiologia” por todo apoio moral, técnico, e companheirismo.

Ao Joao Paulo F. Schoffen, orientador de graduacao, por ter me inserido nesta
area tdo linda durante a graduacao, e sempre me apoiou.

As técnicas do laboratério de Histotécnica Animal, Maria dos Anjos, Maria
Eurides e Maria Angela; do laboratério de Fisiologia, Elizete, Méarcia e Valéria; do
laboratorio de Bioquimica pelo apoio, paciéncia e amizade durante esse periodo.

Aos professores Maria Montserrat Diaz Pedrosa, Jurandir Fernando Comar,
Anacharis Babeto de Sa Nakanishi, Paulo Cézar de Freitas Mathias, e demais
professores pelo apoio e colaboracéo neste trabalho.

A Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) pelo
apoio financeiro para a execucao deste trabalho.

Ao Programa de P4s-Graduacdo em Ciéncias Bioldgicas, e todos os professores
e colegas pela oportunidade e suporte, junto a Universidade Estadual de Maringa
(UEM).

Aos professores componentes desta banca, pela disponibilidade de prestigiar
nosso trabalho.

E a todos os demais que contribuiram para esta etapa, muito obrigado.



APRESENTACAO

Esta tese é composta de 2 artigos cientificos intitulados “Food restriction promotes
damage reduction in rat models of type 2 diabetes mellitus“ e “Food restriction protects
the myenteric nervous plexus of rats with type 2 diabetes mellitus”. Em consonancia
com as regras do Programa de Pés-graduacdo em Ciéncias Bioldgicas da
Universidade Estadual de Maring4, os artigos foram redigidos de acordo com as
normas das revistas.

O primeiro artigo, publicado em 2018 na revista PLoS One (ISSN 1932-6203), fator de
impacto 2.766 (JCR 2017), Qualis CAPES B2, descreve as caracteristicas fisiologicas
de dois modelos distintos de inducéo ao diabetes mellitus tipo 2, bem como a resposta
dos ratos diabéticos a restricdo alimentar que mitigou as alteracdes do diabetes.

Endereco do artigo:
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199479

O segundo artigo sera submetido a revista International Journal of Biological Sciences
(ISSN 1449-2288), fator de impacto 4.057 (JCR 2017) Qualis CAPES A2. Este artigo
apresenta os efeitos da restricdo alimentar em dois modelos de diabetes mellitus tipo
2 com relacdo as caracteristicas morfologicas dos segmentos jejuno e ileo, do
intestino delgado. As normas desta revista estdo anexadas logo apés o artigo
(http://www.ijbs.com/ms/author#submission).



RESUMO GERAL

INTRODUCAO - O diabetes mellitus tipo 2 (DM2) eleva o nivel glicémico gerando
aumento sistémico do estresse oxidativo. O trato gastrointestinal também é
comprometido pelo diabetes, gerando disfun¢des, como disfagia e constipacdo. H&
varios modelos experimentais em animais de indugdo do DM2, porém, ndo ha
completa similaridade com a doenca humana, carecendo de melhor caracterizagao
comparativa entre modelos de DM2. Por outro lado, a restricdo alimentar gera varios
beneficios ao organismo, como no retardo do processo de envelhecimento e no
combate a doencas, pela reducdo da formacdo de radicais livres e,
consequentemente, do estresse oxidativo. Apesar dos varios beneficios da restricdo
alimentar sobre individuos diabéticos, hd uma caréncia de estudos que demonstrem
se este modelo é capaz de recuperar a morfologia gastrointestinal.

OBJETIVOS - O objetivo deste estudo foi avaliar as diferencas de modelos de DM2,
associados ou nao a restricdo alimentar, sobre parametros fisiol6gicos e bioquimicos
do sangue, e sobre a morfologia dos segmentos jejuno e o ileo do trato
gastrointestinal.

METODOS - Trinta ratos Wistar machos adultos foram distribuidos inicialmente em 3
grupos (n=10): Controles (grupo C); Diabéticos tipo 2 (grupo DE) induzidos por injecéo
de estreptozotocina (35 mg/Kg) e dieta estilo-cafeteria (33% de racdo padrao, 33% de
leite condensado, 7% de acuUcar cristal e agua); e Diabéticos tipo 2 (grupo DN)
induzidos por estreptozotocina (60 mg/Kg) e nicotinamida (80 mg/Kg), e uma semana
depois nova injecdo de estreptozotocina (30 mg/Kg) e nicotinamida (40 mg/Kg). Apés
2 meses de instalacdo do quadro de DM2, cada grupo foi subdividido em outros dois
grupos (n=5/grupo) no qual um dos dois grupos foi submetido a restricdo alimentar
(RA) e o outro passou a receber apenas a dieta padrao durante dois meses, formando
0s grupos: CC (controles), CR (controles submetidos a RA), DEC (diabéticos tipo 2
induzidos por estreptozotocina e dieta estilo cafeteria), DER (diabéticos tipo 2
induzidos por estreptozotocina e dieta estilo cafeteria submetidos a RA), DNC
(diabéticos tipo 2 induzidos por estreptozotocina e nicotinamida) e DNR (diabéticos
tipo 2 induzidos por estreptozotocina e nicotinamida submetidos a RA). A RA consistiu
na oferta de 50% da ingestdo diaria média do grupo C. Durante os quatro meses de
tratamento, avaliou-se quinzenalmente a glicemia, semanalmente a massa corporal e
0 consumo de 4gua, e diariamente o consumo de ragdo. Ao final de cada periodo (pré-
RA e de RA) os animais foram submetidos aos teste de tolerancia a glicose e teste de
tolerancia a insulina, bem como amostras de sangue foram retiradas via puncéo
cardiaca para a avaliacdo de parametros bioquimicos relacionados ao perfil lipidico,
avaliacdo de danos hepaticos e da glicacdo (kits comerciais), e da dosagem da
insulina (radioimunoensaio). Ao final do tratamento, o sangue coletado também foi
utilizado para a avaliagdo do estresse oxidativo. ApOs eutanasia, o pancreas e
amostras do intestino delgado (jejuno e ileo) foram coletadas e processadas



histologicamente. No péancreas avaliou-se a quantidade de células produtoras de
insulina por meio de imunohistoquimica. No intestino, avaliou-se em cortes corados
com Hematoxilina-Eosina a morfometria da parede total, tinica mucosa, altura dos
vilos, profundidade das criptas, tnicas submucosa e muscular externa, e com Acido
Periodico de Schiff para contabilizacdo das células caliciformes produtoras de
mucinas neutras. Amostras do jejuno e ileo foram dissecadas para obtencédo do
preparado de membrana que foi utilizado para realizacdo de marcacao
imunohistoquimica com fluorescéncia para evidenciacdo das populacdes neuronais
gue expressam as proteinas HUC/D (populacao geral) e nNOS (populacao nitrérgica),
bem como das células gliais que expressam S-100. Os dados paramétricos foram
submetidos a analise de variancia (ANOVA) seguida de pos-teste de Tukey, e 0s nédo
paramétricos ao teste de Kruskal-Wallis seguido do pés-teste de Dunns, sob nivel de
significancia de 95%.

RESULTADOS E DISCUSSAO - Os grupos DM2 apresentaram os sinais classicos
da doencga em estagios avancados, como hipoinsulinemia, hiperglicemia, alteracédo da
massa corporal, hiperfagia e polidipsia, e resisténcia a insulina. Ambos os grupos DM2
(DE e DN) apresentaram niveis elevados de frutosamina, indicando elevada glicagédo
no sangue, além de danos hepéticos observados pelos altos niveis dos marcadores
aspartato aminotransferase (AST) e alanina aminotransferase (ALT). Ressalta-se que
apenas o grupo DE apresentou dislipidemia e quadros frequentes de diarreia,
indicativos de neuropatia, semelhantes as caracteristicas do DM2 em humanos.
Ambos os grupos diabéticos também apresentaram niveis elevados de proteinas
carboniladas e reduzida capacidade antioxidante no sangue, comprovando o estresse
oxidativo. No intestino observou-se que tanto o jejuno quanto o ileo do grupo DEC
apresentaram reducao na espessura das tunicas componentes da parede. Por outro
lado, no grupo DNC observou-se apenas aumento da tunica mucosa do jejuno. O
namero de células caliciformes da mucosa jejunal foi reduzido, em ambos os grupos
DM2. Estas alteracbes podem ser consideradas como uma resposta adaptativa a
deficiéncia metabdlica do animal diabético. O numero de neurdnios da populacéo
HuC/D, nitrérgica, e de células gliais mioentéricas foi reduzido em ambos o0s
segmentos intestinais, nos dois modelos de DM2. Também ocorreu hipertrofia no
corpo celular dos neurdnios e da glia de forma compensatéria para a manutencédo da
inervacao desse 0rgao. A perda de tecido nervoso leva a disfung¢des, como diarreia e
constipacao, decorrentes da alteragdo numerica, que € gerada pela vulnerabilidade
neuronal a danos oxidativos, elevados no DM2. A restrigcdo alimentar (RA) promoveu
melhora da glicemia no grupo DNR, e da lipidemia no grupo DER, além de reduzir a
resisténcia a insulina e os danos hepaticos em ambos os modelos de DM2. A
carbonilagédo de proteinas foi reduzida em ambos os grupos DM2 sob RA, porém
apenas o grupo DER demonstrou beneficios da RA sobre a capacidade antioxidante
total. No jejuno e ileo a RA promoveu uma reducéo geral da morfometria da parede,
gue ocorre em resposta a menor passagem do quilo na regido. A RA também reduziu
0 numero de células caliciformes no jejuno dos animais controle, mantendo os
nameros reduzidos nos grupos diabéticos, sendo também relacionado a adaptagéo



perante a hipofagia compulsoria. Com relacdo ao plexo mioentérico, a RA promoveu
protecdo das células neuronais e gliais em ambos os grupos DM2, sendo este efeito
mais pronunciado no grupo DER. A protecéo fornecida pela RA pode ser atribuida ao
reduzido estresse oxidativo.

CONCLUSOES - Os dois modelos de DM2 utilizados no presente estudo foram
eficientes na inducéo do diabetes, gerando danos gerais e especificos ao jejuno e ileo
dos ratos, embora cada modelo afete de maneira distinta determinados parametros.
Ha diferenca de respostas entre o jejuno e ileo para com o DM2 e RA. A RA mostrou
ser benéfica aos parametros fisiolégicos e morfolégicos gerais, incluindo a inervacéo
entérica, avaliados neste estudo. Assim, sua indicacdo como terapia complementar
as terapias convencionais pode ser utilizada no tratamento do DM2 em humanos.

PALAVRAS-CHAVE: neurbnios mioentéricos; insulina; restricao dietética; jejuno, ileo.



ABSTRACT

INTRODUCTION - Type 2 diabetes mellitus (T2DM) raises the glycemic level
generating a systemic increase of oxidative stress. The gastrointestinal tract is also
compromised by diabetes, generating dysfunctions such as dysphagia and
constipation. There are several experimental models of T2DM induction in animals,
however, there is no complete similarity with human disease, lacking a better
comparative characterization between T2DM models. On the other hand, food
restriction generates several benefits to the organism, as in the delay of the aging
process and in the fight against diseases, by the reduction of the formation of free
radicals and, consequently, of oxidative stress. Despite the various benefits of food
restriction on diabetic individuals, there is a lack of studies that demonstrate if this
intervention is able to recover the gastrointestinal morphology.

AIMS - The objective of this study was to evaluate the differences of T2DM models,
associated or not to food restriction, over physiological and biochemical parameters of
the blood, and over the jejunum and ileum segments of the gastrointestinal tract.

METHODS - Thirty adult male Wistar rats were initially distributed in 3 groups (n=10):
Controls (group C); Type 2 diabetics (group DE) induced by streptozotocin injection
(35 mg/kg) and cafeteria-style diet (33% standard feed, 33% condensed milk, 7%
crystal sugar and water); and Type 2 diabetics (group DN) induced by streptozotocin
(60 mg/kg) and nicotinamide (80 mg/kg) and a week later a new injection of
streptozotocin (30 mg/kg) and nicotinamide (40 mg/kg). After 2 months of T2DM, each
group was subdivided into two other groups (n=5/group) in which one of the two groups
was submitted to food restriction (FR) and the other group received only the standard
diet during 2 months (controls undergoing FR), forming groups: CC (controls), CR
(controls submitted to FR), DEC (type 2 diabetics induced by streptozotocin and
cafeteria-style diet), DER (type 2 diabetics induced by streptozotocin and cafeteria-
style diet submitted to FR), DNC (type 2 diabetics induced by streptozotocin and
nicotinamide) and DNR (type 2 diabetics induced by streptozotocin and nicotinamide
submitted to FR). The FR consisted of 50% of the average daily intake of group C.
During the four months of treatment, biweekly blood glucose, weekly body mass and
water consumption, and daily feed intake were evaluated. At the end of each period
(pre-FR and FR) the animals were submitted to glucose tolerance test and insulin
tolerance test, as well as blood samples were collected via cardiac puncture for the
evaluation of biochemical parameters related to the lipid profile, assessment of liver
damage and glycation (commercial kits), and insulin dosage (radioimmunoassay). At
the end of the treatment, the collected blood was also used for the evaluation of
oxidative stress. After euthanasia, the pancreas and samples from the small intestine
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(jejunum and ileum) were collected and processed histologically. In the pancreas, the
amount of insulin-producing cells was assessed by immunohistochemistry. In the
intestine, total wall, mucosa tunica, villi height, crypt depth, submucosa tunica and
external muscular tunics morphometry were evaluated in Hematoxylin-Eosin stained
sections, and Periodic Acid-Schiff stained sections were evaluated to account for
goblet cells producing neutral mucins. Samples of the jejunum and ileum were
dissected to obtain the whole-mount that was used to perform fluorescence
immunohistochemical staining to reveal the neuronal populations expressing the
HuC/D (general population) and nNOS (nitrergic population) proteins as well as the
glial cells expressing S-100. The parametric data were submitted to analysis of
variance (ANOVA) followed by Tukey's post-test, and the non-parametric Kruskal-
Wallis test followed by the Dunns post-test, at a significance level of 95%.

RESULTS AND DISCUSSION — T2DM groups showed the classic signs of the disease
in advanced stages, such as hypoinsulinemia, hyperglycemia, altered body mass,
hyperphagia, polydipsia, and insulin resistance. Both T2DM groups (DE and DN) had
high levels of fructosamine, indicating high blood glycation, and liver damage observed
by the high levels of the markers aspartate aminotransferase (AST) and alanine
aminotransferase (ALT). It is noteworthy that only the DE group presented dyslipidemia
and frequent diarrhea, indicative of neuropathy similar to the characteristics of T2DM
in humans. Both diabetic groups also presented high levels of carbonylated proteins
and reduced antioxidant capacity in the blood, proving oxidative stress. In the intestine
it was observed that both the jejunum and the ileum of the DEC group presented an
overall reduction of the tunica componentes thickness of the wall. On the other hand,
in the DNC group only there was na increase in the jejunal mucosa. The number of
goblet cells of the jejunal mucosa was reduced in both T2DM groups. These changes
may be considered as an adaptive response to the metabolic deficiency of the diabetic
animal. The number of neurons in the HuC/D, nitrergic, and myenteric glial cells was
reduced in both intestinal segments of both T2DM models. Hypertrophy of neurons
and glia also occurred in a compensating mechanism for maintenance of the
innervation of this organ. The loss of nervous tissue leads to dysfunctions, such as
diarrhea and constipation, caused by cellular numeric alteration, which is generated by
neuronal vulnerability to oxidative damage, elevated in T2DM. Food restriction (FR)
promoted an improvement in glycemia in the DNR group, and lipidemia in the DER
group, and reduced insulin resistance and liver damage in both T2DM models.
Carbonylation of proteins was reduced in both T2DM groups under FR, but only the
DER group demonstrated benefits of FR over total antioxidant capacity. In the jejunum
and ileum the FR promoted a general reduction of wall morphometry, which occurs in
response to the lower passage of the chyle in the region. FR also reduced the number
of goblet cells in the jejunum of the control animals, keeping the numbers reduced in
the diabetic groups, and also related to an adaptation to the compulsory hypophagia.
With respect to the myenteric plexus, FR promoted protection of neuronal and glial
cells in both T2DM groups, and this effect was more pronounced in the DER group.
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The protection provided by FR can be attributed to reduced oxidative stress.

CONCLUSIONS - The two T2DM models used in the present study were efficient in
the induction of diabetes, generating general and specific damage to the jejunum and
ileum of the rats, although each model affected parameters differently. There is a
difference in responses between the jejunum and ileum for T2DM and FR. FR showed
to be beneficial to the general physiological and morphological parameters, including
the enteral innervation, evaluated in this study. Hence, its indication as complementary
therapy to conventional therapies can be used in the treatment of human T2DM.

KEYWORDS: myenteric neurons; insulin; dietary restriction; jejunum, ileum.
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Abstract

There are several animal models of type 2 diabetes mellitus induction but the comparison
between models is scarce. Food restriction generates benefits, such as reducing oxidative
stress, but there are few studies on its effects on diabetes. The objective of this study is to
evaluate the differences in physiological and biochemical parameters between diabetes
models and their responses to food restriction. For this, 30 male Wistar rats were distributed
in 3 groups (n =10/group): control (C); diabetes with streptozotocin and cafeteria-style diet
(DE); and diabetes with streptozotocin and nicotinamide (DN), all treated for two months
(pre-food restriction period). Then, the 3 groups were subdivided into 6, generating the
groups CC (control), CCR (control+food restriction), DEC (diabetic+standard diet), DER
(diabetic+food restriction), DNC (diabetic+standard diet) and DNR (diabetic+food restric-
tion), treated for an additional two months (food restriction period). The food restriction (FR)
used was 50% of the average daily dietary intake of group C. Throughout the treatment,
physiological and biochemical parameters were evaluated. At the end of the treatment,
serum biochemical parameters, oxidative stress and insulin were evaluated. Both diabetic
models produced hyperglycemia, polyphagia, polydipsia, insulin resistance, high fructosa-
mine, hepatic damage and reduced insulin, although only DE presented human diabetes-
like alterations, such as dyslipidemia and neuropathy symptoms. Both DEC and DNC dia-
betic groups presented higher levels of protein carbonyl groups associated to lower antioxi-
dant capacity in the plasma. FR promoted improvement of glycemia in DNR, lipid profile in
DER, and insulin resistance and hepatic damage in both diabetes models. FR also reduced
the protein carbonyl groups of both DER and DNR diabetic groups, but the antioxidant
capacity was improved only in the plasma of DER group. Itis concluded that FR is beneficial
for diabetes but should be used in conjunction with other therapies.
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Introduction

Diabetes mellitus is a chronic disease that has become an epidemic. It is estimated that more
than 420 million adults are affected worldwide with this disease, and this number increases
alarmingly [1]. This situation stems from problems related to the modern lifestyle, which
include high intake of processed foods, bigger elderly population, reduced physical activity
and obesity [2].

The most frequent type of diabetes is type 2 (T2DM) or insulin independent, characterized
mainly by chronic hyperglycemia and insulin resistance in peripheral tissues [3]. In T2DM
pancreatic beta cells produce insufficient amounts of insulin to maintain normoglycemia [4]
or produce excessive amounts due to failure in the peripheral tissues insulin response, which
generates insulin resistance [3]. Among the complications of T2DM, oxidative stress has great
relevance. Hyperglycemia and metabolic dysregulation increase the production of reactive
oxygen species (ROS), damaging tissues[5].

Despite the various forms of study of T2DM in animal models [6-10], few studies aim to
compare parameters and treatments between different animal models [11]. In addition to
T2DM models based on genetic alterations [11], models involving chemical substances [12],
diet alterations [13] or both [14] have been used. Differences between models, mainly related
to metabolic changes, can be critical in choosing the best model for the study of a particular
treatment.

Changes in diet alone hardly lead to T2DM in rats [15,16]. Therefore, the development of a
model of T2DM with chronic characteristics demands the alliance of streptozotocin and
altered diet [7,17]. On the other hand, some models that use variations of the chemical sub-
stances for diabetes induction seem to generate less characteristics similar to the human condi-
tion of T2DM [18-20] when compared to the models involving dietary alterations [10].

Food restriction (FR) consists of reducing food intakewhile preserving minimum levels of
nutrients. FR has already shown benefits for pancreatic beta cell function, maintenance of
blood glucose and other factors in patients with T2DM [21,22] and in animal models [9,23].
Therefore, FR could be a less invasive alternative in the control of T2DM compared to other
interventions such as bariatric surgeries, which have become more frequent due to the epi-
demic of obesity and T2DM [24,25].

The oxidative stress has been associated with the development and progression of diabetes
mellitus and its complications. This was demonstrated by increases in the production of reac-
tive oxygen species (ROS) associated to a diminished capacity of the antioxidant system in
many tissues of both patients and experimental diabetic animals [26—28]. The blood interacts
with all tissues of the body and then the oxidative status of the plasma reflects at least in part
the oxidative status of the whole body. Therefore, the oxidative stress can be evaluated in the
plasma of diabetic rats with the purpose of presenting an overview of the whole body oxidative
status in models of T2DM. Hence, this study aimed to evaluate the effects of FR on two distinct
T2DM models, induced by streptozotocin and cafeteria style diet or with streptozotocin and
nicotinamide, through general physiological characterization, blood biochemical analysis and
insulin production evaluations.

Materials and methods

Drugs and chemicals
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Streptozotocin, nicotinamide and anti-insulin antibodies (AB 260137) used in this study were
obtained from Sigma-Aldrich, USA. The Optium Xceed glucometer and dosing strips were
purchased from Abbott, Brazil. Thionembutal was supplied by the Abbott laboratory, USA.
The blood laboratory test kits were supplied by Gold Analisa Diagnostics Ltda., Brazil. Recom-

binant human insulin was obtained from PerkinElmer, Shelton, CT, USA. All reagents used
had the best possible quality.

Animals and treatment

Thirty male Wistar rats (Rattus novergicus, 90 days, 328.2+21.8 g of initial body mass), from
the Central animal house of the State University of Maringa, were kept individually in polypro-
pylene boxes, with light and dark cycles of 12 hours and temperature of 22+2°C in the Sectorial
animal house of the Department of Morphological Sciences. All procedures related to the ani-
mals followed the standards established by the Ethics Commission on the Use of Animals (pro-
tocol number 7590050415/2015), in order to minimize the suffering of animals.

After one week of acclimatization, the animals were treated for a total duration of 4 months,
divided into 2 periods: months 1 and 2 (pre-food restriction) and months 3 and 4 (food
restriction).

Initially, during the pre-food restriction period the animals were divided into 3 groups
(n = 10/group): C (control), DE (type 2 diabetes + diet) and DN (type 2 diabetes + nicotin-
amide). Group C rats received only intravenous saline, and were fed with standard diet and
water ad libitum.

The diabetization of the DE group rats consisted of intravenous injection of streptozotocin
(STZ—35mg/kg) dissolved in citrate buffer (10mM, pH 4.5) after overnight fasting. After con-
firming hyperglycemia, the animals received a cafeteria-style diet (33% standard ration Nuvi-
lab®, 33% Nestlé® condensed milk and 7% sugar and water), sugar water (32%) and normal
water, ad libitum (adapted from Sahin et al.[15] and Trammel et al.[29]).

The diabetization of the DN group rats consisted of the initial intravenous injection of STZ
(60 mg/kg), and after fifteen minutes intraperitoneal injection of nicotinamide (N1C-80 mg/
kg). After seven days they received a new dose of STZ (30 mg/kg), and after fifteen minutes, 40
mg/kg of NIC (adapted from Sharma et al. [19]). After confirming hyperglycemia, these ani-
mals received standard diet and water ad libitum.

Both diabetic models used produce moderate insulin insufficiency [30]. The confirmation
of the diabetic state occurred one week after these protocols, checking the fasting glycemia.
Animals with stable glycemia greater than 200 mg/dL of blood were considered diabetic
(T2DM) [7].

In the food restriction period, group C was subdivided into groups CC (control) and CCR
(control + food restriction with standard diet); the DE group, in DEC (diabetic + standard diet)
and DER (diabetic + food restriction with standard diet); and DN formed DNC (diabetic +
standard diet) and DNR (diabetic + dietary restriction with standard diet) (n=5/group)

(Table 1).

Table 1. Diets of experimental groups during 4 months of treatment.

Months 1 and 2 (pre food restriction period) Months 3 and 4 (food restriction period)

_ N Group CC Stand'ar.d diet

Group C Standard diet (ad libitum) (ad libitum)
Group CCR Standard diet (16 g)

Standard diet

Cafeteria-style diet + sugar water (32%) Group DEC an _ar. N

Group DE ad libitum) (ad libitum)
( Group DER Standard diet (16 g)

Group DN Standard diet (ad libitum) Group DNC Standard diet

(ad libitum)
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Group DNR Standard diet (16 g)
https://doi.org/10.1371/journal.pone.0199479.t001

After the subdivision, groups CC, DEC and DNC received standard diet and water ad libi-
tum in the period of months 3 and 4. The CCR, DER and DNR groups were submitted to a
food restriction protocol (FR), which consisted of receiving only 50% of the average food
intake of the control group (C), which served as the basis for all groups. Therefore, animals
under FR received 16 g of standard diet daily, and water ad libitum (Table 1). Throughout the
treatment it was monitored: daily consumption of food; weekly body mass; and biweekly water
consumption and fasting/postprandial blood glucose were measured. During the entire period,
the animals were weekly monitored for adverse clinical signs, like hypoglycemia and excessive
weight loss, based on theseparameters.

Assessments of pre- and food restriction periods and tissue collection

At the end of the pre-food restriction (pre-FR) period (2 first months of treatment), glucose
tolerance (GTT) and insulin tolerance (ITT) tests were performed. Three days after these tests,
the animals were anesthetized with intravenous ketamine/xylazine (100/10 mg.Kg™) injection,
and 1 mL of blood was collected by cardiac puncture from each rat. The collected blood was
used for the measurement of insulin by radioimmunoassay and analysis by means of specific
kits of the following biochemical parameters: fructosamine, total proteins, total cholesterol, tri-
glycerides, AST (aspartate aminotransferase), ALT (alanine aminotransferase) and alkaline
phosphatase.

At the end of the FR period (4 months of treatment), GTT and ITT were again obtained.
Then, the animals were intraperitoneally anesthetized (40 mg/kg of body mass) with intraperi-
toneal thionembutal and had 5 mL of blood collected by cardiac puncture. All animals died
from hypovolemic shock. The blood collected during these experiments was centrifuged for 10
minutes at 3000 rpm to obtain the supernatant. The serum collected was stored in a freezer at
-80 °C until use.

For the final serological analysis, insulin was evaluated by radioimmunoassay and the fol-
lowing biochemical parameters with a fraction of serum collected: fructosamine, total proteins,
albumin, total cholesterol, HDL and VVLDL cholesterols, triglycerides, AST, ALT and alkaline
phosphatase. Another portion of the serum was analyzed for oxidative stress.

After the euthanasia of the animals, we also collected abdominal fats for weighing: retroper-
itoneal, mesenteric, periepididymal and subcutaneous. The pancreas was also collected and
fixed in 4% paraformaldehyde for 6 hours. After the fixation, the material was embedded in
paraffin for the preparation of histological slides with cuts destined to the immunohistochemi-
cal technique for the evaluation of the insulin-producing pancreatic cells.

Glucose tolerance test (GTT) and Insulin tolerance test (ITT). For evaluation of the GTT
glycemic curve, a solution of glucose (1.5 g.Kg!) was administered to rats, at night fast- ing,
via gavage. Then, the glycemia was measured with a glucometer at0, 5, 10, 15, 30, 45 and
60 minutes.

The ITT curve was obtained after application of an intraperitoneal injection of regular insu-
lin (Novolin®; 1 U kg*, Novo Nordisk, Montes Claros, Brazil) to rats at 2-hour fasting. The
glycemia was then measured with a glucometer at 0, 5, 10, 15, 20, 25, 30 and 60 minutes.

For both techniques, was obtained a constant of increase of the glycemic rate (for GTT),
and of decay of the glycemic rate (for ITT), KGTT and KITT respectively [31].

Plasma oxidative status. The total antioxidant capacity (TAC) of the plasma was mea-
sured by spectrophotometry using 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) or
ABTS [32]. TAC was calculated from the standard curve prepared with Trolox, a water-soluble
analog of vitamin E, and the results were expressed as nmol.(mL plasma)™.


https://doi.org/10.1371/journal.pone.0199479.t001
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Plasmatic thiol contents were measured by spectrophotometry (412 nm) using DTNB (5,5°-
dithiobis 2-nitrobenzoic acid) as previously described [32]. Thiol contents were calculated
using the molar extinction coefficient (g) of 1.36 x 10*M-1.cm™ and expressed as nmol.(mg
protein)~L. Protein carbonyl groups were measured by spectrophotometry using 2,4-dinitro-
phenylhydrazine [33]. The levels of protein carbonyl groups were calculated using the molar
extinction coefficient (€) of 2.20 x 10* M~L.cm~ and expressed as nmol.(mg protein)~. The
groups of carbonylated proteins were measured by spectrophotometry using 2,4-dinitrophe-
nylhydrazine. The calculation was done using the molar extinction coefficient () of 2.20 x 10
M-L.cmtand expressed as nmol.(mg of protein) .

Analysis of insulin-producing pancreatic cells. For this immunohistochemical analysis,
pancreas samples were submitted to standard histological treatment, with dehydration in
increasing concentrations of alcohol, diaphanization in xylol and inclusion in paraffin. The
included tissue was cut into a microtome (Leica® RM2245) to obtain semiserial 5 ym thick
sections. The immunostaining process, aiming at the labeling of insulin, included stages of
hydration, endogenous peroxidase blockade, primary antibody reaction, Meyer hematoxylin
counter-staining and, finally, Permount slide mounting. The images were captured under light
microscope under 40x objective (Olympus BX41, Olympus America Inc., New York, USA)
coupled to high resolution camera (Olympus Q Color 3 Olympus America Inc., New York,
USA). Image Pro Plus, version 4.5 (Media Cybernetics, Silver Spring, MD) was used for the
analysis of the images and the percentage of immunoreactive cells for insulin was analyzed in
30 areas of 50x50 um of pancreatic islets per animal, in which the positive and negative insulin
cells were counted, resulting in an insulin-positive cell marking index.

Dosage of blood insulin. Plasma insulin concentrations were determined by radioimmu-
noassay (RIA) [34] using the Wizard2, TM-2470 automatic gamma counter (PerkinElmer,
Shelton, CT, USA). RIA was made using a human insulin standard, a rat anti-insulin antibody,
and a radiolabeled recombinant human insulin (125). The coefficients of intra and interassay
variation varied by 12.2 and 9.8%, respectively. The limit of detection was 1033 pmol/L.

Statistical analysis

The data were initially submitted to the Kolmogorov-Smirnov test to verify normality. Once
the data were normal, the data were submitted to One-way Variance Analysis (ANOVA) fol-
lowed by Tukey’s post-hoc test. The number of immunolabelled cells for pancreatic islet insulin
generated non-parametric data that were analyzed under the Kruskal-Wallis test and Dunns
post-hoc test. The results were presented as meanzstandard error (SE) of the mean and level of
significance of 5% (p<0.05). Data were statistically evaluated using GraphPad Prism (Graph-
Pad Software, version 5.1, San Diego, CA, USA).

Results
Physiological parameters

The physiological parameters analyzed during treatment are presented in Tables 2 and 3, and
Figs 1-5, for each period (pre- and food restriction/FR).

Pre-food restriction period. After the initial 2 months of treatment, both diabetic groups
(DE and DN) showed typical signs of T2DM [10,12,14], such as hyperglycemia (Fig 1), hyper-
phagia and polydipsia (Table 2), which were significantly higher (p<0.05) in comparison to
the values of the control group (C).

The glycemia in the fasted state did not differ between the diabetic groups (Fig 1A). The
pre-FR postprandial glycemia (Fig 1B) of the DN group was significantly lower (p <0.05) than
the pre-food restriction glycemia of the DE group, but remained higher in relation to group C.
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Table 2. Average body mass, feed intake and water intake at the end of the first 2 months of treatment (pre-food
restriction) of rats. Groups: control (C), diabetic+streptozotocin+cafeteria-style diet (DE) and diabetic+-
streptozotocin+nicotinamide (DN) rats.

C DE DN
Body mass (g) 476.8+12 .97 318.3+12.43° 347.8+10.18
Feed intake (g/day) 31.9+1.46 48.5+1.58 2 40.5£1.97
Water intake (mL/day) 69.0+4.64 348.0£13.73 2 156.0+11.49

Results expressed as mean=SE (n = 10/group).

p<0.05vs C;
®p<0.05 vs DE.

One-way ANOVA and Tukey’s post-hoc test analysis.

https://doi.org/10.1371/journal.pone.0199479.t002

Table 3. Body mass, feed intake and water consumption of rats after 4 months of treatment (food restriction). Groups: control (CC), control with food restriction
(CCR), diabetic+streptozotocin+cafeteria-style diet (DEC); diabetic+streptozotocin+cafeteria-style diet with food restriction (DER), diabetic+streptozotocin+nicotinamide

(DNC) and diabetic+streptozotocin+nicotinamide with food restriction (DNR).

CcC CCR DEC DER DNC DNR
Body mass (g) 489.8+9.31 372.0+£9.70 334.8+10.68 2 200.4+8.11 % 351.6+14.18 2 296.8+12.68
Feed intake (g/day) 27.6+1.63 16.0£0? 46.8+2.08 ° 16.0+0 43.4+2.44* 16.0+0 2°
Water intake (mL/day) 41.0£5.56 34.0+7.48 152.0£3.74 2 52.0+4.89° 172.0£16.55*° 48.0+2.00 "
Results expressed as meanzSE (n = 5/group).
#p<0.05 vs CC;
®$<0.05 vs DEC;
©p<0.05 vsDNC.
One-way ANOVA and Tukey'’s post-hoc test analysis.
https://doi.org/10.1371/journal.pone.0199479.t003
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Fig 1. Pre-food restriction glycemia. The glycemia of the rats was evaluated in the fasting (A) and postprandial (B) states after the initial 2 months of
treatment for the control groups (C), diabetic+streptozotocin+cafeteria-style diet (DE) and diabetic+streptozotocin+nicotinamide (DN). Results
expressed as mean=SE (n=7-10/group). *ap<0.05vs C; b p<0.05 vs DE. One-way ANOVA and Tukey’s post-hoc test.

https://doi.org/10.1371/journal.pone.0199479.9q001
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Fig 2. Glucose tolerance and insulin resistance pre-food restriction of rats (after 2 months of initial treatment). (A) Glucose tolerance test (GTT); (B)
Rate of increase of glycemia per minute during GTT; (C) insulin-tolerance test (ITT); (D) Rate of blood glucose reduction per minute during ITT.
Groups: control (C), diabetic+streptozotocin+cafeteria style diet (DE) and diabetic+streptozotocin+nicotinamide (DN). Results expressed as meanSE (n
=5/group). *ap<0.05vsgroup C; b p<0.05 vs DE; one-way ANOVA and Tukey’s post-hoc test.

https://doi.org/10.1371/journal.pone.0199479.9q002

The groups DE and DN did not differ among themselves (p>0.05) in relation to the body
mass. On the other hand, higher food intake and water consumption were observed in the DE
group compared to DN. In addition to normal water consumption, the DE group presented a
mean intake of sugary water (sucrose 32%) of 38.5+5.32 mL, which aided the development of
T2DM. Constant diarrhea was also observed only in the animals of the DE group, demonstrat-
ing a more severe diabetic state compared to the DN group.

Fig 2A and 2C presents the data obtained from GTT and ITT techniques after the pre-food
restriction period. The KGTT (Fig 2B), obtained from GTT, shows that the DE group did not
present a higher glycemic elevation rate than the control group (p>0.05). However, the DN
group presented a lower rate of glycemic elevation (p<0.05), compared to the other groups.
KITT (Fig 2D) on the other hand, demonstrates that both diabetic groups obtained a lower rate
of blood glucose reduction (p<0.05) after insulin application, indicating insulin resistance in
diabetic animals.

Food restriction period. At the end of the 4 months of treatment, the animals of the
diabetic groups fed ad libitum (DEC and DNC) did not present notable differences in the
physiological parameters analyzed, compared to the pre-FR period. Body mass (Table 3) and
hyperglycemia (Fig 3) were maintained.


https://doi.org/10.1371/journal.pone.0199479.g002
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Fig 3. Food restriction glycemia. The glycemia of rats was evaluated in the fasting (A) and postprandial (B) states after 4 months of treatment. Groups:
control (CC), control with food restriction (CCR), diabetic+streptozotocin+cafeteria-style diet (DEC); diabetic+streptozotocin+cafeteria-style diet with
food restriction (DER), diabetic+streptozotocin+nicotinamide (DNC) and diabetic+streptozotocin+nicotinamide with food restriction (DNR). Results
expressed as meanzSE (n = 5/group). *a p<0.05 vs CC; b p<0.05 vs DEC; ¢ p<0.05 vs DNC. One-way ANOVA and Tukey’s post-hoc test analysis.

https://doi.org/10.1371/journal.pone.0199479.9g003

Onthe other hand, the DEC group had a reduction in the amount of water ingested in this
period, thanks to a change from the cafeteria style diet to the standard diet for rodents.
Although the total amount of food ingested was similar during both periods, the type of diet
offered was determinant in water intake (Table 3). There was maintenance of the physiological
parameters of the DNC group, in relation to the pre-food restriction period.

FR, which occurred in months 3 and 4 for the CCR, DER and DNR groups, promoted
strong changes (p<0.05) in the physiological parameters. In the CCR group there was a reduc-
tion (p<0.05) in body mass only. The FR in diabetic animals previously submitted to strepto-
zotocin and cafeteria-style diet (DER group) promoted a marked reduction of body mass and
water intake when compared to DE (before FR) and DEC (diabetic without FR) groups
(Table 3). FR also reduced body mass and water intake in DER group. The glycemia of the
DER group presented great fluctuations throughout the treatment (S1 Dataset), with glycemic
levels sometimes lower when compared to the DE and DEC groups. However, there was no
effective reduction of glycemia as a function of FR for the DER group. In relation to the DNR
group, FR promoted a more stable reduction (p<0.05) of blood glucose, besides reduced water
intake and body mass. Therefore, FR generated a positive effect on glycemia, despite glycemic
control being still deficient.

Fig 4A and 4C present the data obtained from GTT and ITT techniques after the food
restriction period. FR KGTT (Fig 4B) showed that glucose tolerance group was compromised
(p<0.05) only in the DEC relative to the control. The DNC group did not show a change in
the rate of increase of glycemia due to a low change in glycemic index, which was already high
at the beginning of the test (Fig 4A). KITT (Fig 4D) demonstrated that the DEC and DNC
groups showed insulin resistance, although the values were not significantly different (p>0.05)
from the CC group. This is due to the low glycemic variation during the test for these groups,
indicating reduced insulin action (Fig 4C). In diabetic groups submitted to FR (DER and
DNR), glucose tolerance did not show significant improvement in relation to their respective
controls (DEC and DNC). On the other hand, insulin sensitivity was improved (p<0.05) in
these groups after 2 months of restriction (Fig 4D).


https://doi.org/10.1371/journal.pone.0199479.g003
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Fig 4. Tolerance to glucose and insulin resistance of rats after food restriction (after 4 months of treatment). (A) Glucose tolerance test (GTT); (B) Rate of
increase of glycemia per minute during GTT; (C) Insulin tolerance test (ITT); (D) Rate of blood glucose reduction per minute during ITT. Groups: control
(CC), control with food restriction (CCR), diabetic+streptozotocin+cafeteria-style diet (DEC); diabetic+streptozotocin+cafeteria-style diet with food
restriction (DER), diabetic+streptozotocin+nicotinamide (DNC) and diabetic+streptozotocin+nicotinamide with food restriction (DNR). Results
expressed as meanzSE (n=5/group). *ap<0.05vs CC; b p<0.05 vs DEC; c p<0.05 vs DNC. One-way ANOVA and Tukey’s post-hoc test analysis.

https://doi.org/10.1371/journal.pone.0199479.9q004

Abdominal fat weighing (Fig 5) showed that both diabetic models (DEC and DNC) and FR
promoted a marked reduction (p<0.05) in the abdominal fat mass.

Evaluation of pancreatic insulin-producing cells

The detection of insulin-producing pancreatic islet cells (Fig 6) shows that at the end of the 4
months of treatment, both diabetic groups had reduced (p<0.05) number and proportion of
insulin-producing cells in the pancreatic islet. FR was not able to improve this parameter.

Evaluation of blood insulin

Radioimmunoassay performed in the serum after the initial 2 months of treatment (pre-FR-
Fig 7A) shows that the insulin present in the blood was reduced (p<0.05) in all diabetic
groups, in relation to the control groups. This characteristic was maintained after 4 months of
treatment (Fig 7B), without interference of FR in the animals.


https://doi.org/10.1371/journal.pone.0199479.g004

26

72
S

'
<

W

<
e

e

e
e

N

o)
2

2

Abdominal fat mass (g)

[
(o)
oo

;;é;; .l e
SERE ...i.q.. d
O £ Sataa

C QL C Q- < Q-

Fig 5. Abdominal fat sum. Added weight of retroperitoneal, mesenteric, periepididimal and subcutaneous fats of rats at the end of the 4 months
of treatment for abdominal fat assessment. Groups: control (CC), control with food restriction (CCR), diabetic+streptozotocin+cafeteria-style diet
(DEC); diabetic+streptozotocin+cafeteria-style diet with food restriction (DER), diabetic+streptozotocin+nicotinamide (DNC) and
diabetic+streptozotocin+nicotinamide with food restriction (DNR). Results expressed as mean%SE (n=5/group). *a p<0.05 vs CC. One-way ANOVA and
Tukey’s post-hoc test analysis.

https://doi.org/10.1371/journal.pone.0199479.9q005

Biochemical parameters

Pre-food restriction period. Table 4 presents the biochemical profile of the blood of the
animals after the pre-FR period. Corroborating the diabetic state, there was an increase
(p<0.05) in the glycation levels, evaluated through the fructosamine, in both diabetic groups
(DE and DN), comparing to group C. Also, there was a rise (p<0.05) of the enzymes AST and
ALT, suggesting hepatic damage in both diabetic groups. Elevated levels of alkaline phospha-
tase also occurred in both T2DM models, although levels of this enzyme were lower (p<0.05)
in the DN group than in the DE group. Changes in blood total proteins were only observed in
the DN group, which were reduced (p<0.05) when compared to the control group. After 2
months of T2DM, the DE group developed dyslipidemia, with elevated levels of triglycerides
and total cholesterol. On the other hand, the DN group did not show changes related to the
lipid profile.

Food restriction period. Table 5 shows the blood biochemical profile after 4 months of
treatment. The evaluation of fructosamine indicated a maintenance of high glycation levels in
the DEC and DNC diabetic groups compared to DE and DN groups, and when compared to



https://doi.org/10.1371/journal.pone.0199479.g005
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Fig 6. Immunostaining for pancreaticinsulin-producing cells of rats after 4 months of treatment. (A) Insulin-producing cells index; (B) Total number
of insulin-producing cells; (C) Detail of a pancreatic islet, typical of a non-diabetic animal, immunostained for insulin (200x magnification); (D) Detail of
a pancreatic islet, typical of a diabetic animal, immunolabelled for insulin (200x magnification). Groups: control (CC), control with food restriction
(CCR), diabetic+streptozotocin+cafeteria-style diet (DEC); diabetic+streptozotocin+cafeteria-style diet with food restriction (DER),
diabetic+streptozotocin+nicotinamide (DNC) and diabetic+streptozotocin+nicotinamide with food restriction (DNR). Results expressed as mean+SE
(n =5/ group). *a p<0.05 vs CC; b p<0.05 vs DEC; ¢ p<0.05 vs DNC. One-way ANOVA and Tukey’s post-hoc test analysis.

https://doi.org/10.1371/journal.pone.0199479.9q006

CC group (p<0.05). FR was able to reduce fructosamine levels in both diabetic models (DER
and DNR).

AST and ALT were only altered in the DEC group, indicating greater tissue damage
(p<0.05) in relation to the CC group. There was also a reduction in the levels of these enzymes
in the DEC group in relation to the pre-FR period. The return of these enzymes to normal lev-
els, compared to controls, in the DER and DNR groups indicates a positive effect of FR in
reducing this type of damage. A similar result was observed in the evaluation of alkaline phos-
phatase, which was elevated (p<0.05) in the diabetic groups, and decreased (p <0.05) after
application of FR in the DER and DNR groups compared to their respective controls.

Total proteins were not altered in the groups after 4 months of treatment. On the other
hand, elevation (p<0.05) of albumin levels in the CCR, DEC and DER groups was observed.
This may indicate that the model of T2DM allied to the cafeteria-style diet affects alouminuria,
while the model of T2DM without dietary change (DNC group) promotes a reduction
(p<0.05) of this parameter. These results also indicate that FR may be linked to elevated blood
albumin.


https://doi.org/10.1371/journal.pone.0199479.g006
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Fig 7. Radioimmunoassay for blood insulin. (A) Amount of immunolabelled insulin in blood of rats after 2 months of treatment for groups control
(C), diabetic+streptozotocin+cafeteria-style diet (DE) and diabetic+streptozotocin+nicotinamide (DN). (B) Amount of immunolabelled insulin in
blood of rats after 4 months of treatment for groups control (CC), control with food restriction (CCR), diabetic+streptozotocin+cafeteria-style diet
(DEC); diabetic+streptozotocin+cafeteria-style diet with food restriction (DER), diabetic+streptozotocin+nicotinamide (DNC) and diabetic

+streptozotocin+nicotinamide with food restriction (DNR). Results expressed as mean=SE (n = 3-5/group). *a p<0.05 vs CC; b p<0.05 vs DEC; ¢
p<0.05vsDNC.One-wayANOVA andTukey’s post-hoctestanalysis.

https://doi.org/10.1371/journal.pone.0199479.9q007

The evaluation of the lipid profile indicates that the triglycerides presented reduction
(p<0,05) only in the DNC group and in the groups submitted to FR (CCR, DER and DNR).
On the other hand, total cholesterol was high (p<0.05) in the DEC, DNC and DNR groups.
The DER group presented a significant reduction (p<0.05) when compared to the CC and
DEC groups. Regarding cholesterol fractions, it was observed that there were no significant
changesin HDL cholesterol levels, but VLDL cholesterol levels were reduced (p<0.05) for all
groups, except the DEC group, in relation to the group CC. These data indicate alteration of
lipid metabolism associated with T2DM and FR.

Table 4. Biochemical parameters from pre-food restriction period (2 months of treatment). Total proteins, fructo-
samine, triglycerides, cholesterol, AST, ALT and alkaline phosphatase from rats’ blood were evaluated. Groups: control
(C), diabetic+streptozotocin+cafeteria style diet (DE), diabetic+streptozotocin+nicotinamide (DN).

o DE DN
Total proteins (g.dL™?) 6.95+0.16 6.88+0.15 5.78+0.07 ®
Fructosamine (mg.dL?) 0.57+£0.04 1.27+0.04 2 1.16+0.04 @
Triglycerides (mg.dL™) 106.7+7.08 285.4+77.30 69.8+9.73 "
Total cholesterol (mg.dL™) 77.645.04 117.8+9.16 2 85.2+6.96 °
AST (U.L?Y 22.8+0.75 198.1+14.18? 83.5+£9.39 ®
ALT (U.L?Y 41.40+2.04 309.4+£17.30 % 138.8+39.72 @
Alkaline phosphatase (U.L?) 113.6+9.46 639.9+12.47 2 372.6+£65.27

Results expressed as meanzSE (n = 5/group).
p<0.05vsC;

®p<0.05 vs DE;

One-way ANOVA and Tukey’s post-hoc test analysis.

https://doi.org/10.1371/journal.pone.0199479.t004

Table 5. Biochemical parameters from food restriction period (after 4 months of treatment). Total proteins, fructosamine, triglycerides, cholesterol, AST, ALT and
alkaline phosphatase were evaluated from the blood of rats. Groups: control (CC), control with food restriction (CCR), diabetic+streptozotocin+cafeteria-style diet (DEC);


https://doi.org/10.1371/journal.pone.0199479.g007
https://doi.org/10.1371/journal.pone.0199479.t004
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diabetic+streptozotocin+cafeteria-style diet with food restriction (DER), diabetic+streptozotocin+nicotinamide (DNC) and diabetic+streptozotocin+nicotinamide with

food restriction (DNR).

CcC

Total proteins (g.dL™?) 5,320,
Albumin (g.dL™?) 2,680,
Fructosamine (mg.dL™?) 0,960,
Triglycerides (mg.dL™) 137,317,
Total cholesterol (mg.dL™?) 58,8+1,
HDL (mg.dL™) 46,545,
VLDL (mg.dL™) 27,4543,
AST (U.LY) 49,941,

ALT (U.LY 32,443,
Alkaline phosphatase (U.L™) 68,6313,

Results expressed as meanzSE (n = 4-5/group).
#p<0.05 vs CC;

®»<0.05 vs DEC;

¢p<0.05 vsDNC.

CCR DEC DER DNC DNR

19 4,96+0,21 5,56+0,3 5,58+0,59 5,84+0,18 5,85+0,13
05 3,30+0,06 ° 3,07+0,07 @ 3,16+0,04 ° 1,88+0,08 2,43+0,02 ¢
05 0,90+0,05 1,80+0,07 @ 1,20+0,14 ° 1,68+0,13° 1,38+0,09 ¢
55 41,00+2,93 ¢ 126,4+20,10 26,0+3,29 ® 68,1+4,91 ® 45,38+4,90 *
73 57,1+4,14 77,0£3,76 44,1+4,10° 97,5+5,51° 84,2+7,69 °
69 40,5+2,81 58,2+4,44 39,0+3,99° 38,5+1,42° 31,6+4,67
50 8,20+0,58 ® 25,28+4,02 5,20+0,65 ® 13,63+0,98 * 9,07+0,98 @
74 38,2+3,98 110,3+4,64 ° 43,0£2,62° 57,9+2,38° 37,8+3,93 ¢
03 31,4+3,19 178,5+14,55 @ 45,8+5,14 75,9+5,18 ® 25,8+5,44 ¢
93 143,6+10,15 1064,0+80,58 * 557,9+63,74 680,3+52,81 256,0+49,84 ©

One-way ANOVA and Tukey’s post-hoc test analysis.

https://doi.org/10.1371/journal.pone.0199479.t005

Oxidative status in the plasma

The plasmatic oxidative status was evaluated in the end of the food restriction period. The car-
bonylation of amino acids has been reported to be the most common oxidative modification
in the plasma and thiol protein groups to be the main antioxidant component of the plasma
[32]. Thus, the levels of protein carbonyl groups and thiols groups were measured in the
plasma of control and diabetic rats. Total antioxidant capacity was additionally and assessed in
the plasma of rats. The results are shown in Fig 8. The levels of protein carbonyl groups were
30 and 72% higher in the DEC and DNC diabetic groups, respectively (compared to the con-
trol values). Food restriction completely reestablished the levels of protein carbonyl groups in
the DER diabetic group, but only partially in the DNR group (compared to the control values).
However, it is important to highlight that the levels of protein carbonyl groups in the plasma
of the DNC diabetic group were much higher when compared to levels of the DEC diabetic
group. Food restriction did not modify the levels of protein carbonyl groups in the plasma of
non-diabetic control rats.

The plasmatic levels of thiol groups were reduced only in the DNC diabetic group (-42%;
p <0.05), in the same way as the reduction of plasmatic levels of albumin (-31%). Food restric-
tion did not increased the levels of thiol groups in the DNR diabetic group, but it increased the
levels of albumin. The total antioxidant capacity (TAC) was strongly reduced in the DEC
(-40%) and DNC (-51%) diabetic groups (compared to the controls). Food restriction
completely reestablished the antioxidant capacity of the plasma in the DER diabetic group, but
it did not improve this parameter in the DNR group.

Discussion

Weir and Bonner-Weir [35], postulated that human T2DM can be divided into 5 stages,
according to the degree of development of the disease and its symptoms, mainly related to
changes in pancreatic beta cells. Phase 1 is a normoglycemic period of compensation, with
onset of insulin resistance (IR). Phase 5 would characterize the time at which the individual


https://doi.org/10.1371/journal.pone.0199479.t005
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Fig 8. Oxidative stress. Effects of food restriction on the plasmatic oxidative status of type 2 diabetic rats. (A) Protein carbonyl groups, (B) Thiol groups
and (C) Total antioxidant capacity (TAC). Oxidative status was assessed at the end of the food restriction period as described in Methods. CC, controls;
CCR, controls under food restriction; DEC, diabetic (cafeteria-style diet) rats; DER, diabetic (cafeteria-style diet) rats under food restriction; DNC,
diabetic (nicotinamide) rats; DNR, diabetic (nicotinamide) rats under food restriction. Results expressed as meanzSE (n =4-5/group). *a p<0.05 vs CC;
bp<0.05vsDEC;cp<0.05vs DNC.One-wayANOVAand Tukey’s post-hoctestanalysis.

https://doi.org/10.1371/journal.pone.0199479.9q008

has complete failure of pancreatic beta cells, leading to type 1 diabetes, with total absence of
insulin and blood Kketosis in the individual. The characteristics of the diabetic models evaluated
in our study, such as hyperglycemia, reduced number of pancreatic insulin-producing cells,
and presence of insulin resistance (IR) lead us to consider both models as representatives of
stage 4, with high glycemic decompensation, IR and loss of function pancreatic beta cells.

The characteristics related to advanced T2DM may generate interest in these models for the
study of complications associated with T2DM, such as angiopathies and neuropathies, and
allow the use of alternative treatments aimed at improving the diabetic condition.

The diabetic model that uses the streptozotocin (STZ) injection associated with the cafete-
ria-style diet (adapted from Sahin et al. [15] and Trammel et al. [29]) efficiently simulated
the advanced T2DM condition. The use of STZ to induce T2DM is important to replicate
some T2DM late metabolic disorders, like hyperglycemia, avoiding the prediabetes
situations [7,15,16]. The STZ use assisted in obtaining the advanced T2DM condition and
fulfill the pur- pose of this study, since in literature there are a lot of studies with T2DM in
initial stages. The cafeteria-style diet simulated the modern pattern of food intake, with
excessive carbohydrates and lower amounts of proteins and fibers. The large amount of


https://doi.org/10.1371/journal.pone.0199479.g008
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carbohydrate associated to this diet was a determinant of the greater proximity of this model
to the disease in humans, due to a greater alteration of the lipid profile (triglycerides and
cholesterols) and liver damage (AST, ALT and alkaline phosphatase) detected in comparison
to the other T2DM model. Characteristics associated with angiopathies (retinopathies) and
neuropathies (altered gastrointestinal activity observed as frequent diarrhea, probably derived
from oxidative stress) were also present in this model. Models similar to this are found in the
literature. Okoduwa et al. [17] found similar characteristics to our model in rats fed with diet
added of margarine and sucrose solu- tion. Similar results were found in another study
involving induction with hyperlipidic diet, STZ and nicotinamide [10]. Trammel et al. [29]
demonstrated that the association of the hyperlipidic diet and STZ was more effective in
promoting effects associated with T2DM in mice compared to the isolated hyperlipidic diet,
presenting similar characteristics to our model. IR is one of the pathophysiological bases of
T2DM [36], and the cafeteria-style diet has already shown potential to generate this resistance
[15,16]. The presence of insulin resistance, along with the other characteristics presented,
shows that the model that associates STZ and cafeteria-style diet is an alternative for easy
simulation of human T2DM in advanced stages, with potential for further development and
other studies. This model could also be an alterna- tive to using the conventional cafeteria
diet.

Interestingly, Zhou et al. [37] obtained expressive results in certain parameters related to
T2DM only with a hypercaloric diet supplied to Sprague-Dawley rats, whereas previous studies
demonstrated that only the hyperlipidic diet [14] or cafeteria-style diets alone [15,16,38] were
not able to generate T2DM models, despite the presence of obesity or even of prediabetic
states. This leads us to conclude that, in general, studies involving diets only in rats are relevant
only for the study of prediabetic periods and their prevention. The study for the reversal or
cure of T2DM, however, requires more robust and advanced models of T2DM.

An additional feature of our work was the exchange of diets offered to animals, cafeteria
style for standard diet only, during the food restriction period (DEC group). The purpose of
this amendment was to analyze the effects of altering a hypercaloric diet to a balanced diet
over T2DM. The amount of feed ingested was similar for these animals during treatment, but
the nutritional quality of the feed was improved. Changes in diet led to a significant reduction
in water intake, improvement in overall lipid profile, and in tissue damage markers (AST and
ALT). This indicates that only dietary change is sufficient to alleviate such changes, although
these levels are still altered in relation to the control. Nevertheless, this isolated alteration was
not able to improve the general characteristics of the induced T2DM, such as glycemia, IR and
glucose tolerance. Positive results related to dietary changes and/or habits are associated with
the improvement of symptoms associated with T2DM, despite the great difficulty of being
applied in humans [39]. Female rats showed improvement in several parameters associated
with obesity and IR, only with the change from a cafeteria diet to a standard diet for rats [40],
reinforcing the benefits of improving eating habits against the development of T2DM.

The strictly chemical induction diabetic model (DN - adapted from Sharma et al.[19]),
without dietary intervention, was also efficient in promoting an advanced T2DM. The two
consecutive injections of STZ and NIC were applied to ensure the stable T2DM hyperglyce-
mia, since NIC promotes some protection from STZ damage over pancreatic beta cells [12,19].
However, several of the previously mentioned human-associated characteristics were more
discreet or distinct when compared to the diet-associated model (DE). The low glycemic varia-
tion observed during GTT for this group reflects the lower glycemic fluctuation observed
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during the whole treatment, allied to high basal glycemia, even after fasting. The data of this
model referring to the physiological parameters, insulin, glycation state and oxidative stress
are in agreement with the results of the work of Badole et al. [12], with the same model of
T2DM, but in Sprague-Dawley rats. On the other hand, these same authors observed a general
elevation of the lipid profile of diabetic animals, while our data demonstrated a general reduc-
tion for this model. This difference can be due to the difference in lineage or age of the
animals.

Therefore, although both models of T2DM have already been used in the literature, the
model with dietary intervention is more reliable for the study and extrapolation for the human
condition.

A negative point of both models was the absence of obesity, typically associated with
T2DM. Although lipid profile alterations were detected, insulin deficiency confirmed by RIA
and immunohistochemical techniques seems to have been a limiting factor in the body mass
gain in the organism of our diabetic animals. This could also be observed by the reductions of
abdominal lipid deposits. The amount of lipid deposits is directly associated with reduction of
body mass, which is impacted by the metabolic dysfunction generated by T2DM and/or
reduced energy intake.

Lim et al. [21] surprisingly showed that only dietary energy restriction was able to reverse
the abnormalities of T2DM in humans, mainly related to pancreatic beta cell function and
hepatic insulin sensitivity. However, these benefits were observed only in short-term T2DM,
justifying the necessity for studies that simulate long-term T2DM models. Jazet et al. [41] dem-
onstrated that the benefits of the restriction are persistent in the long run. Caloric restriction
would also be the main responsible for the benefits of bariatric surgeries on obese and diabetic
patients [42,43], as well as by preventing the development of T2DM [44]. Beneficial effects of
FR have also been demonstrated [45] and its variations [46—48] in diabetic rats. Our study
aimed to complement this scenario, with data on the effect of FR on a more advanced T2DM
condition.

In the literature, there are variations of FR with the objective of treating T2DM. In addition
to restricted types of nutrients, such as carbohydrates [49] and proteins [48], variations of the
restriction periods can be found. Barnosky et al. [50] suggest intermittent fasting and alter-
nate-day fasting as alternatives to common FR. However, since FR would have the same effi-
cacy as intermittent fasting [51], and a smaller number of large daily meals would generate
more benefits over T2DM [52], we opted for the choice of continuous FR.

In this study, FR showed potential to improve the diabetic condition. Although the impact
on body mass was great, the animals maintained a healthy condition throughout the period.
This is supported by total protein levels that were stable throughout the treatment, indicating
absence of protein malnutrition. The positive effects of FR on insulin resistance, glycosylation,
lipid profile, tissue damage and oxidative stress in diabetic groups are directly related to glu-
cose levels. In the model of T2DM without diet, greater benefit of FR over final glycemia and
insulin resistance was observed. The hypoglycemic benefits of FR are mainly related to the
negative energy balance that reduces the hepatic glucose production [21]. On the other hand,
both models showed elevated oscillation of glycemia during the treatments. This effect may be
due to the lower severity of chemically induced T2DM. On the other hand, in relation to bio-
chemical parameters and oxidative stress the FR promoted more significant benefits in T2DM
plus cafeteria-style diet.

There are many ways to assess oxidative stress. Analyzing the blood can be an alternative
since some oxidation-modified serum components are relatively stable and can be related to
the severity of the disease [32]. In the present study, both DEC and DNC diabetic groups pre-
sented higher levels of protein carbonyls associated to lower antioxidant capacity of the plasma
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(Fig 8). These results were already reported in the plasma of poor glycemic control diabetic
patients and it has been associated with the development of diabetic complications [53,54]. In
fact, the hyperglycemia induces the generation of reactive oxygen species (ROS) in the cells
and plasma and proteins are major targets of ROS in the plasma [55]. Thus, the increased levels
of protein carbonyl groups in the plasma of both DEC and DNC diabetic animals indicate an
increased ROS-mediated injury to serum proteins. The oxidation of plasma thiol groups is
itself a manifestation of protein oxidation because the serum albumin contributes with 80% to
the plasma thiol groups [56]. Therefore, the lower levels of plasma thiol groups in the DNC
diabetic animals possibly reflect an excess of ROS allowing the albumin-SH groups (thiol) to
be oxidized [53]. Indeed, the plasmatic thiols serve an antioxidant function and an inverse rela-
tion of the plasma thiols and antioxidant capacity of the plasma in diabetic patients is a direct
evidence of increased protein oxidation [53]. The plasmatic thiols were not reduced in the
DEC diabetic groups, but the protein carbonyl groups increased only slightly (compared to
DNC diabetic group). The latter shows the oxidative stress was lesser pronounced in the
plasma of DEC diabetic group, in which the reduced antioxidant capacity seems to be not asso-
ciated to reduced thiols in the plasma. In this regard, plasma contains many antioxidant com-
pounds and the combined action of all these molecules in the plasma represents the
antioxidant capacity of the plasma[53].

One of the causes of the oxidative stress observed in this study may be the high glycemic
variation observed in our data. It is known that high blood glucose fluctuations, common in
patients with uncontrolled T2DM, lead to higher production of ROS and proinflammatory
molecules than a regularly elevated glycemia, increasing their circulating levels [57].

Food restriction has been reported to improve the oxidative stress in the plasma of aging
rats and in type 2 diabetic rats [47,58-60]. In the present study, food restriction reduced the
levels of protein carbonyl groups in the plasma of both DER and DNR diabetic animals and it
shows that the ROS-oxidative injury to proteins was reduced in the plasma. The fasting and
postprandial glycemia were not improved in DER diabetic group, however, both parameters
represent only one punctual dosage in the end of the food restriction period. On the other
hand, the levels of fructosamine in the plasma were reduced by food restriction in both DER
and DNR diabetic groups, an indicative that the chronic hyperglycemia-induced stress may
have reduced in both models of type Il diabetes. Regarding the antioxidant status, the total
antioxidant capacity (TAC) was improved only in DER diabetic group, in which the levels of
albumin and thiols were not diminished in the plasma. The reduced levels of albumin and
thiol groups in DNC diabetic rats may occur due to the onset of renal injury, which is associ-
ated with an increase in permeability of plasma albumin through a damaged glomerular filtra-
tion barrier [61]. The food restriction improved the levels of albumin in the plasma of these
animals (DNR), however, it did not improve the thiols and TAC. Therefore, increasing the
albumin levels was not enough to increase the antioxidant capacity and it is possible that the
sulfhydryl groups of the plasma albumin remained largely in the oxidized state. The latter was
also verified in a previous study evaluating the effects of natural oils on the plasmatic oxidative
status of rats with adjuvant-induced arthritis and TNBS-induced colitis [62,63].

There is a direct relationship between hyperglycemia and decreased pancreatic islet func-
tion, which is reversible [4]. Isolated FR may not be as effective on symptoms related to glyce-
mia and insulin sensitivity, as these benefits are also related to the secretion of incretins
produced in the intestine [64]. Troy et al. [65] have demonstrated that bariatric surgery of
enterogastric anastomosis type is more efficient in the control of T2DM than simple gastric
contrition, a type of forced FR, due to the associated intestinal and hepatic effects. Our results
indicate that FR would interfere with the secretion of incretins by the small amount of food
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that reaches the intestine. Therefore, the benefits on the islet, and consequently on glycemia
and insulin resistance, would be reduced.

The distinct forms of T2DM induction can explain the difference in the damages generated
by each model of T2DM. The DE groups presented higher glycemic variation and lipid dys-
function, as well as signs of neuropathy, probably due to high carbohydrate intake. On the
other hand, the animals of the DN group presented higher oxidative damages and alterations
that may reflect nephropathy, common in T2DM [48,66]. Therefore, both these models dem-
onstrate specific metabolic changes that must be considered for possible treatments to be
tested.

Conclusions

Both T2DM models produced the general characteristics of the disease, such as hyperglycemia,
insulin resistance, glycation, hepatic damage, hyperphagia and polydipsia. However, some
metabolic differences should be observed for its use. The model associated with the cafeteria-
style diet (DE) generates greater alterations in the lipid profile, and changes related to neuropa-
thies and retinopathies, being also more susceptible to the benefits of FR. On the other hand,
the model without dietary intervention (DN) was more vulnerable to oxidative damage and
showed signs of nephropathy, with less benefit of FR. The oxidative stress was increased in
both models of type 2 diabetes, but it was more pronounced in the DNC diabetic rats. Food
restriction reduced the protein carbonyls in the plasma of both DER and DNR diabetic groups,
but the antioxidant capacity was improved only in the plasma of DER group. FR has great
potential to improve diabetes-related parameters, although it is not able to reverse the condi-
tions of our models in isolation. Therefore, FR should be associated with other treatments.
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Abstract

Type 2 diabetes mellitus affects the morphophysiology of the gastrointestinal tract, including
the enteric nervous system. Food restriction (FR) promotes benefits such as reducing oxidative
stress, but there are few studies on its effects over intestine morphology of type 2 diabetes rats.
The objective of this study is to evaluate the influence of two type 2 diabetes models over the
intestine morphology and their responses to food restriction. Thirty male Wistar rats were
distributed in 3 groups (n=10/group): control (C); diabetes with streptozotocin and cafeteria-
style diet (DE); and diabetes with streptozotocin and nicotinamide (DN), all treated for two
months (pre-food restriction period). Then, the 3 groups were subdivided into 6, generating the
groups CC (control), CCR (control+food restriction), DEC (diabetic+standard diet), DER
(diabetic+food restriction), DNC (diabetic+standard diet) and DNR (diabetic+food restriction),
treated for additional two months (food restriction period). The FR used was 50% of the average
daily dietary intake of group C. At the end of the treatment, samples of ileum and jejunum were
collected for evaluation of wall and tunics morphometry, goblet cell number, number and
profile of myenteric neurons and glial cells. Both diabetic models produced typical
characteristics of type 2 diabetes. However, DE model promoted wall reduction in both
intestinal segments, while DN model promoted increase of the wall only in jejunum. Goblet
cell number was reduced only in jejunum for both diabetic models and FR. Both intestinal
segments presented reduction of neuronal HUC/D, nNOS and glial S-100 positive populations
of myenteric plexus in both models. FR promoted a general reduction of jejunum and ileum
morphometries but it was able to protect myenteric neurons and glial cells against diabetic
damage. The jejunum and ileum respond in distinct ways to diabetes and FR. It is concluded
that FR has positive effects over the small intestine, mainly over the enteric nervous system.

Keywords: dietary restriction; streptozotocin; enteric neurons; enteric glia; small intestine

Introduction



Type 2 diabetes mellitus (T2DM) is a chronic disease characterized by metabolic
disorders. The incidence and prevalence of this disease has increased considerably in recent
years. Among the main factors responsible for this increase are population growth, older elderly
population, urbanization, obesity and lack of physical activity [1].

T2DM can be induced in various ways: genetic or spontaneously [2], quimically, or by
association of factors [3]. The induction also can occur by a carbohydrate and/or lipid-rich diet
[4], or by the combination of hypercaloric diet and streptozotocin injection (STZ) [5].

The oxidative stress can affect individuals with T2DM. The increase in production of
reactive oxygen species (ROS) and the reduction in the antioxidant capacity of the tissues are
mainly results from hyperglycemia [6,7].

Although T2DM is the more frequent type of diabetes, it is the less studied with relation
to the gastrointestinal tract (GIT) [8]. In the GIT, T2DM favors motor problems like
constipation, diarrhea and fecal incontinence. This symptoms are mainly originated from
diabetic neuropathy, derived from oxidative stress [9]. The neuropathy consists in neuronal
death or alteration of its expression, which generates dysfunction and the common symptoms
of T2DM [7].

The enteric nervous system (ENS) is involved in GIT neuropathy. It is arranged in two
main ganglionated plexus: the submucous and myenteric plexus. They modulate processes like
absorption, secretion and motility in the GIT [10]. Both plexus are affected by T2DM [11].

Stenkamp-Strahm et al. [12] observed diabetic neuropathy in mice with a model of
T2DM achieved by hyperlipidic diet. Besides the structural damage (neurofilament loss and
axon swelling), there was reduction of myenteric neuron number and alteration in the
expression of vipergic and nitrergic subpopulations of duodenum [12]. Spangéus and El-Salhy
[13] also found abnormalities in neuronal expression, like reduction in the myenteric neurons
that produce vasoactive intestinal peptide and nitric oxide synthase (NOS), in the GIT of a
spontaneous diabetic mice model.

In the small intestine (SI) of diabetic rats, it can also be observed numerical increase of
serotoninergic enteroendocrine cells [14], besides morphologic (like hyperplasia) and
enzymatic increase [8,15]. The mechanism of these alterations is not clear yet.

Food restriction (FR) consists of reducing food intake, maintaining minimum levels of
nutrients. It benefits pancreatic -cell function, the maintenance of blood glucose and other
factors in patients with T2DM [16,17], and in animal models [2,18]. Therefore, FR is an easy
alternative in the control of T2DM compared to other interventions such as bariatric surgeries,
which have become more frequent due to the epidemic of obesity and T2DM [19].

In our previously study [20] we observed that both models of T2DM (association
between STZ and cafeteria-style diet, and association of STZ and nicotinamide) produced
consistent alterations such as weight deregulation, hyperglycemia, hyperphagia, polydipsia,
biochemical parameters (glycation and hepatic damage), insulin production and response
(insulin resistance), and oxidative stress. FR was able to partially reverse the observed damage
of this study. From this, in the present study we aimed to evaluate the morphological alterations
caused by these two models of T2DM in the jejunum and ileum, as well the effects of FR in
these segments.

Materials and methods

Drugs and chemicals
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Streptozotocin and nicotinamide used in this study were obtained from Sigma-Aldrich,
USA. Thionembutal was supplied by the Abbott laboratory, USA. All reagents used had the
best possible quality. The antibodies used were: primary anti-HuC/D (Molecular Probes; Cat#
A-21271, AB_221448), anti-nNOS (Santa Cruz Biotec.; Cat# ABIN460169, AB_10789440)
and anti-S100 (Sigma-Aldrich; Cat# S2644, AB_477501); and secondary Alexa Fluor 546 and
488 (Invitrogen Cat# A10036 and 488 Cat# A21206 respectively).

Animals and treatment

Thirty male Wistar rats (Rattus novergicus, 90 days, 328.2+21.8 g of initial body mass),
from the Central animal house of the State University of Maringa, were kept individually in
polypropylene boxes, with light and dark cycles of 12 hours and temperature of 22+2°C in the
animal house of the Department of Morphological Sciences. All procedures related to the
animals followed the standards established by the Ethics Commission on the Use of Animals
(protocol number 7590050415), in order to minimize the suffering of animals.

After one week of acclimatization, the animals were treated for a total duration of 4
months, divided into 2 periods: months 1 and 2 (pre-food restriction) and months 3 and 4 (food
restriction).

Initially, during the pre-food restriction period the animals were divided into 3 groups
(n=10/group): C (control), DE (T2DM with diet) and DN (T2DM). Group C rats received only
intravenous saline, and were fed with standard diet and water ad libitum.

The diabetization of the DE group rats consisted of intravenous injection of
streptozotocin (STZ - 35mg/kg) dissolved in citrate buffer (10mM, pH 4.5) after overnight
fasting. After confirming hyperglycemia, the animals received a cafeteria-style diet (33%
standard ration Nuvilab®, 33% Nestlé® condensed milk and 7% sugar and water), sugar water
(32%) and normal water, ad libitum, adapted from [21] and [22].

The diabetization of the DN group rats consisted of the initial intravenous injection of
STZ (60 mg/kg), and after fifteen minutes intraperitoneal injection of nicotinamide (NIC-80
mg/kg). After seven days they received a new dose of STZ (30 mg/kg), and after fifteen minutes,
40 mg/kg of NIC, adapted from [23]. After confirming hyperglycemia, these animals received
standard diet and water ad libitum.

Both diabetic models used produce moderate insulin insufficiency [24]. The
confirmation of the diabetic state occurred one week after these protocols, checking the fasting
glycemia. Animals with stable glycemia greater than 200 mg/dL of blood were considered
diabetic [5].

In the food restriction period, group C was subdivided into groups CC (control) and
CCR (control + food restriction with standard diet); the DE group, in DEC (diabetic + standard
diet) and DER (diabetic + food restriction with standard diet); and DN formed DNC (diabetic
+ standard diet) and DNR (diabetic + food restriction with standard diet) (n=5/group) (Table
1).

After the subdivision, groups CC, DEC and DNC received standard diet and water ad
libitum in the period of months 3 and 4. The CCR, DER and DNR groups were submitted to a
food restriction protocol (FR), which consisted of receiving only 50% of the average food intake
of the control group (C), in the pre food restriction period, which served as the basis for all
groups. Therefore, animals under FR received 16 g of standard diet daily, and water ad libitum.
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Throughout the treatment it was monitored: daily consumption of food; weekly body mass; and
biweekly water consumption and fasting/postprandial blood glucose were measured [20].

Table 1. Diets of experimental groups, controls and diabetics, during the treatment with
food restriction.

Months 1 and 2 Months 3 and 4
(pre food restriction period) (food restriction period)
Group CC Standard diet (ad libitum) Standard diet (ad libitum)
Group CCR Standard diet (ad libitum) Standard diet (16 g)
G DEC Cafeteria-style diet + sugar water
rou : -

p (32%) standard diet (ad libitum)
Group DER Standard diet (ad libitum) Standard diet (16 g)
Group DNC Standard diet (ad libitum) Standard diet (ad libitum)
Group DNR Standard diet (ad libitum) Standard diet (16 g)

Small intestine samples collection

At the end of the FR period, the animals were anesthetized (40 mg/kg of body mass)
with intraperitoneal thionembutal and had blood collected by cardiac puncture to obtain the
serum to access biochemical analysis [20]. All animals died from hypovolemic shock.

After vertical laparotomy was made, small intestine (SI) was collected and measured in
its length. Subsequently, samples of jejunum (right after the duodenojejunal flexure) and ileum
(in the final quarter of SI) were separated and washed in phosphate buffered saline (PBS, 0.1
M, pH 7.3), and fixed in 4% paraformaldehyde for histological and immunohistochemical
processing.

Processing and histological analysis
After 6 h of fixation in 4% paraformaldehyde, jejunum and ileum samples were
dehydrated in increasing series of alcohols, cleared in xylene and embedded in paraffin. Then,

5 um thick semiserial transversal sections were made with Leica RM 2145 microtome.

Morphometric analysis of the intestinal wall components.
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The histological sections were stained with hematoxylin and eosin (HE) for
morphologic and morphometric analysis of jejunal and ileal wall components. The images were
captured under a light microscope (Olympus BX41, Olympus America Inc., New York, USA)
coupled to a high resolution camera (Olympus Q Color 3 Olympus America Inc., New York,
USA) under a 10x objective to analyze the total wall thickness, mucosa, height of the villi, crypt
depth, submucosa and muscular externa. One hundred measurements of each parameter were
performed (10 points per section) per animal per intestinal segment, using the program Image
Pro Plus 4.5 (Media Cybernetics, Maryland, USA).

Goblet cells counting

To assess goblet cell number, another set of slides was submitted to Periodic Acid-Schiff
(PAS) histochemical staining method to evidence neutral mucines of jejunum and ileum. The
slides were analyzed under light microscope, under 20x objective. 2500 epithelial cells per
animal were recorded to obtain the percentage of labeled to unlabeled cells. The goblet cell
index was calculated by the number of labeled cells x 100 / total number of counted cells.

Labeling and quantification of immunoreactive myenteric neuronal and glial cells

After fixation in 4% paraformaldehyde, jejunum and ileum samples were dissected
under a stereomicroscope with trans illumination to obtain whole-mounts from the muscular
externa tunic. Subsequently the whole-mounts were washed (2x10 min) with PBS plus
detergent Triton X-100 0.5% (T) and incubated in blocking solution containing 2% bovine
serum albumin (BSA) and 10% donkey serum (1 h). Then, the tissues were incubated for 48 h
with primary anti-HUC/D and anti-nNOS antibodies diluted (1:500) in a mother solution (PBS,
1% BSA and 10% donkey serum), washed in PBS+T (2x10 min), incubated for 2 h with
secondary antibody (Alexa Fluor 546 and 488 respectively) diluted in mother solution (1:500)
and washed with PBS (2x10 min), to mark general population and the nitrergic subpopulation,
respectively. Another set of whole-mounts from each intestinal segment was incubated with an
anti-S-100 antibody, followed by a secondary antibody (Alexa Fluor 488) to mark glial cells.
Subsequently the whole-mounts were mounted in slides with Prolong Gold Antifade Reagents.
All of the procedures were performed at room temperature. The slides were examined under a
fluorescence microscope (Olympus FSX100). The neurons and glia found in 40 captured
microscopic fields under 20x objective were counted, with a total analyzed area of 5.87 mm?
/animal. Additionally, 100 cell bodies of HUC/D, nNOS and S-100 positive cells per animal
were measured in their area. These evaluations also used the program Image Pro Plus 4.5
(Media Cybernetics, Maryland, USA).

Statistical analysis

The obtained data were subjected to the Kolmogorov-Smirnov normality test.
Parametric data were subjected to analysis of variance (ANOVA) followed by Tukey's post-
test. For nonparametric data the Kruskal-Wallis test followed by Dunns post-hoc test was
adopted. The results were presented as mean + standard error (SEM). The statistical data were
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analyzed using GraphPad Prism program (GraphPad Software, version 5.0, USA) and
considered significant at p<0.05.

Results

T2DM was obtained in both types of induction, STZ+cafeteria-style diet and STZ+NIC.
In general, both models presented hyperglycemia, insulin resistance, reduced pancreatic insulin,
altered serum biochemical parameters and oxidative stress [20]. GIT function was also affected,
as seen by the frequent episodes of diarrhea, mainly in DEC group. Both models affected the
small intestine.

Small intestine length

The small intestine (SI) length was significantly increased (p<0.05) by T2DM only in
DEC group (15,74%), regarding CC group. Food restriction (FR) significantly reduced (p<0.05)
Sl length by 20,66% in DER group, when compared to DEC. The Sl length of DNC group had
no difference (p>0.05) when compared to CC group, but was 19,84% lower compared to DEC.
FR did not affects this parameter on DNC group (Fig. 1).

Jejunum and ileum wall morphometry

The histological organization of the intestine was preserved in all groups, for both ileum
and jejunum. However, there were differences in the intestinal morphometric parameters
between the groups.

The jejunum wall morphometry data is presented in Table 2. It was observed that the
jejunum of DEC rats was reduced (p<0.05) in every parameter analyzed (total wall, mucosa,
submucosa, muscularis externa, villus height and crypt depth) when compared to CC group. On
the other hand, in the second T2DM model, the DNC group showed an increase in these jejunum
wall parameters, except in submucosa and crypt depth, which were reduced, regarding CC
group. When we compared the two diabetic groups, DEC and DNC, we noted significantly
higher (p<0.05) total wall, mucosa, villi height and muscularis externa, while the submucosa
and crypt depth parameters were reduced.

Table 2. Morphometry of jejunum wall of control and diabetic rats submitted to food
restriction. Measurements of total wall thickness (TW), mucosa (M), submucosa (SM) and
muscularis externa tunics (ME), villus height (VH) and crypt depth (CD) after 4 months of
treatment.  Groups:  control (CC), control with food restriction (CCR),
diabetic+streptozotocin+cafeteria-style diet (DEC); diabetic+streptozotocin+cafeteria-style
diet with food restriction (DER), diabetict+streptozotocin+nicotinamide (DNC) and
diabetic+streptozotocin+nicotinamide with food restriction (DNR).

45

cC CCR DEC DER DNC DNR
TW (um) 653.843.09 637.9+2.99  548.1+3.28% 582.243.89% 757.7+3.68% 583.9+3.81%
M (um) 535.042.46 526.0+2.79  457.942.52% 485.3+3.02%® 644.2+3.15%  500.4+3.07%
VH (um) 382.2450.19 375.6+61.05 349.4+46.97° 375,5+49.92° 509.3+56.83% 401.9+58.95%
CD (um) 109.6+0.79 95.09+0.76° 99.39+0.59° 92.22+0.39® 96.30+0.76®®  83.18+0.56%
SM (um) 40.14+0.34 41.18+0.34  35.61+0.40° 41.29+0.40° 26.38+0.21%  32.53+0.37%
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ME (um) 74.37%0.79 75.47+0.67 61.51+0.81*° 64.59+0.73* 78.30+0.75®

51.04+0.72%¢

Results expressed as mean+SEM (n=5/group).

a p<0.05vs CC,;

b p<0.05 vs DEC;

¢ p<0.05 vs DNC.

Kruskal-Wallis and Dunn'’s post-hoc test analysis.

FR did not produces significative morphometric changes in the jejunum of CCR group
(Table 2), except a reduction (p<0.05) in crypt depth. With regard to diabetic groups, FR
presented an increase (p<0.05) of most wall parameters, except in muscularis externa, of DER
group when compared to DEC. However, most of these values still presented significative
difference in relation to CC group, except in submucosa and villus height. The DNR group
showed that FR promotes great reduction (p<0.05) of jejunum layers in this specific type of
T2DM, regarding the DNC group. This was not true only for the submucosa tunic that showed
an increase (p<0.05). Except in the villus height, all jejunum parameters of DNR group
remained lower than the values of CC group.

Table 3 presents the data of ileum wall morphometry. DEC group showed that T2DM
induced by streptozotocin and cafeteria-style diet promotes general reduction (p<0.05) of ileum
tunics. In the other model, DNC rats showed no alteration (p>0.05) of total wall and mucosa
measurements, while we observed a reduction (p<0.05) of submucosa, muscularis externa and
crypt depth, compared to CC group. The villus height was increased (p<0.05) in the DNC group,
regarding the control group.

FR promoted changes in the ileum wall. CCR group showed a general reduction
(p<0.05) in the ileum, when compared with CC group, except for the submucosa tunic. FR also
promoted a general reduction (p<0.05) in the DER group, except for the submucosa tunic,
which increased regarding CC group. When compared to DEC group, DER rats showed that
FR exacerbates the ileum mucosa reduction (p<0.05). In DNR group, FR promoted strong
reductions (p<0.05) in all wall parameters analyzed, when compared to CC and DNC groups,
except for the submucosa tunic, which was reduced only when compared to the CC group.

Table 3. Morphometry of ileum wall of control and diabetic rats submitted to food
restriction. Measurements of total wall thickness (TW), mucosa (M), submucosa (SM) and
muscularis externa tunics (ME), villus height (VH) and crypt depth (CD) after 4 months of
treatment.  Groups:  control (CC), control with food restriction (CCR),
diabetic+streptozotocin+cafeteria-style diet (DEC); diabetic+streptozotocin+cafeteria-style
diet with food restriction (DER), diabetict+streptozotocin+nicotinamide (DNC) and
diabetic+streptozotocin+nicotinamide with food restriction (DNR).

ccC CCR DEC DER DNC DNR
TW (um) 666.6+2.75 588.842.61% 604.2+2.62% 544.5+3.19®° 659.3+3.35° 486.6+2.92*
M (um) 551.6+2.11 472242117 499.84+2.07% 429.9+2.70% 542.7+2.32° 410.9+2.53%
VH (um) 330.5+1.3 272.1#1.72% 291.1+1.35% 243.2+1.80%° 351.9+2.26% 264.5+1.59%
CD (um) 189.6+1.04 156.5+0.88% 173.4+1.00° 156.9+1.26® 162.6+0.99®® 125.0+0.83*
SM (um) 30.73+0.33 34.90+0.24% 28.24+0.25° 32.47+0.30® 20.40+0.21% 20.37+0.21°
ME (um) 76.2620.51 76.99+0.64 69.53+0.55° 72.56+0.67% 73.73+0.83% 49.79+0.55%




Results expressed as mean+SEM (n=5/group).

a p<0.05 vs CC;

b p<0.05 vs DEC;

¢ p<0.05 vs DNC.

Kruskal-Wallis and Dunn's post-hoc test analysis.

Goblet cell number analysis

The goblet cell data of jejunum and ileum is presented in Fig. 2. The number and index
of PAS™ epithelial cells of jejunum (Fig. 2 A and B) was reduced (p<0.05) due to both T2DM
models and FR, regarding CC group. We also observed lower number of goblet cells of DNC
and DNR groups when compared to DE group. The goblet cell number and index of ileum (Fig.
2 C and D) did not change between groups.

Immunohistochemistry for myenteric neurons and glial cells

Samples of the immunohistochemistry staining are presented in Fig 3. The
immunohistochemistry data are presented in the Figs. 4 and 5. In the jejunum (Fig. 4) we
observed a reduction (p<0.05) in the number of HUC/D" neurons and in the nNOS*
subpopulation, in both groups with T2DM (DEC and DNC), when compared to the control (CC
group). The neuron reduction associated with the T2DM as accompanied by a reduction
(p<0.05) in the number of glial cells (S-100%). With relation to the neuronal profile
(morphometry of cellular area), we observed an increase (p<0.05) of neuronal cell size in
HuC/D* neurons and in glial cells only in the DEC group, and not in the DNC. The neuronal
profile of NNOS™ neurons was increased (p<0.05) in both diabetic groups, DEC and DNC,
regarding CC.

FR did not influence (p>0.05) the jejunum of the control group (CCR). In T2DM, FR
prevented the decrease in number and the increase of neuronal profile (p<0.05) of HUC/D*
neurons only in DER group. Regarding the nNOS™ subpopulation, FR avoided the decrease in
number and the increase of neuronal profile (p<0.05) in both T2DM models (groups DER and
DNR), when compared to untreated diabetics. In the S-100" glia population we observed a
preservation (p<0.05) of cell number in both diabetic groups (DER and DNR) compared to the
diabetic controls. The glial profile was unaltered (p>0.05) in DER and reduced (p<0.05) in
DNR when compared to DNC and CC groups.

The ileum (Fig. 5) presented a reduction (p<0.05) in the number of HUC/D* and nNOS*
neurons, in both diabetic groups (DEC and DNC), regarding CC group. The reduction in
neuronal number was accompanied by an increase (p<0.05) of neuronal profile for HuC/D* and
nNOS* neurons in DEC and DNC groups, when compared to the control. With relation to the
S-100* glia we observed a reduction (p<0.05) of cell number and an increase (p<0.05) of cell
profile only in DEC group, regarding the CC group.

The only alteration observed in the ileum of CCR group, by the action of the FR, was
an increase (p<0.05) of glial profile. FR promoted a preservation (p<0.05) of HUC/D" neurons
in the ileum of DER and DNR groups, when compared to their respective diabetic control
groups (DEC and DNC). This effect was not observed in the NNOS* neurons. The glial S-100*
cell number was not affected by FR in the DER group, in comparison with DEC group. On the
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other hand, the DNR group presented an increase (p<0.05) of glial cell number, and a reduction
(p<0.05) of glial profile when compared to the normal (CC) and diabetic (DNC) controls.

Discussion

Both diabetic models (STZ+cafeteria-style diet and STZ+NIC) presented
hyperglycemia, insulin resistance and oxidative stress, characterizing the T2DM state on our
previous results, as well [20]. Some works already showed that T2DM affects the GIT. These
changes occurs in the intestine wall morphology [25,26], in the enteroendocrine cell number
[27], carbohydrate-related enzymes [8] and in the myenteric neuron population [13,28].
However, the literature is still scarce about T2DM impacts over the small intestine. The present
study focused on the alterations, generated by two types of T2DM models, in the jejunum and
ileum, concerning morphological characteristics of the wall and the ENS.

The Sl length were increased only in the DEC group (STZ + cafeteria-style diet). It is
known that the increase of the intestine lenght is linear accordingly to the glycemia [29]. The
higher levels [20] of advanced glycation ending products (AGE), when compared to the other
T2DM model, probably are the responsible for this greater morphological remodeling in
diabetes [30]. FR was able to prevent this AGE-related increase, probably by the positive impact
of FR in glycation previously evaluated [20].

The biomechanical proprieties of the wall, also related to the integrity of the tunics, are
important to the intestine functions [31]. However, results involving T2DM and intestine
morphometry are scarce in the literature. In our study, both jejunum and ileum morphometry
presented a reduction of the intestinal wall in the DEC group. This goes against the increase in
the Sl length observed in the same group. These results could mean a total deregulation in the
proliferation control of SI. T2DM affects the intrinsic innervation (ENS), the responsible for
this regulation, and it probably affects the intestine regulation [32]. Another possible factor is
the failure in the mechanical control of the wall, mainly the muscularis externa, which could
affect these morphological characteristics. Hadzijahic et al. [33] confirmed that both mucosa
and muscularis externa thickness are influenced by the reduction of myenteric neuron number.
On the other hand, STZ+NIC-induced diabetes (DNC) showed an increase of jejunum total
wall, even with crypt depth reduction.

With relation to the ileum, this model of T2DM caused a disruption of mucosa balance,
with an increase of villus height and reduction of crypt depth. This could occur by changes in
proliferation and apoptosis, which compromises the normal function of the organ. Verdam et
al. [25] showed that human patients with obesity and T2DM presented increased enterocyte
mass and simultaneous enterocyte loss, inferred by blood markers, corroborating our hypothesis
about the deregulation of the wall. Others studies already showed that obesogenic diet promotes
hypertrophy in the jejunum of rats [34], as well as T2DM causes villus edema [26], impaired
mucosal barrier integrity [35] in the small intestine of human subjects, and increased small
intestine weight, length [8] and proliferation [36] in rodents.

All results means that different models of T2DM, with different durations and
intensities, promote disparate characteristics, and even affects the distinct intestinal segments
in several ways. The difference in T2DM severity, besides the disturbance of the diet could be
responsible for our results, since each model affected the blood parameters, and the whole body
differently [20].
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Some studies relate FR with pancreatic beta-cell parameters [2,17,37] and oxidative
stress [38,39], but few considerate its effects over the intestine wall. Goodlad et al. [40]
observed that just three days of starvation promoted a great reduction of crypt cell production
rate and proliferation of small intestine epithelial cells. Another study showed that a type of
restriction promoted reduction of parameters of mucosa and an increase of apoptosis of small
intestine epithelial cells of mice [41]. Schoffen et al. [42] showed that FR during three months,
beginning from weaning, promotes increase of the mucosa, while decreases the muscularis
externa layer of the proximal colon. These data corroborates with our study, with a general
reduction observed in the small intestine, due to FR. Also, in our study, the ileum seems more
vulnerable to FR effects than jejunum, as seen in CCR group. This could be explained by the
smaller role of ileum concerning absorptive functions, compared to the jejunum, saving
nutrients and energy for the other segments more required [43]. Also, the wall reduction alone
cannot be considered a type of damage neither causes apparent physiological changes.

The relation between intestine, diabetes and FR is scarce in the literature. Mao et al. [36]
found that caloric restriction can reverse the morphometric alterations of intestine which are
related to diabetes. In the present study, FR promoted contrary effects in the jejunum of the two
models of T2DM. FR partially avoided the diabetes-induced reduction of wall in DER, while
promoted a strong reduction in DNR. Regarding the ileum, all groups submitted to FR showed
a general reduction of the wall. This could mean that the jejunum can adapt to different
circumstances, while the ileum would have a limited adaptive capacity.

The goblet cells are important in maintaining a good environment to the intestinal
activities. In the jejunum and ileum, they are responsible for protecting the epithelium from
damage [44]. However, data about goblet cells related to T2DM and FR are scarce. Our results
show that both T2DM and FR caused a reduction in the goblet cell number in jejunum.
However, the ileum did not change with any of the variables. The reduction of goblet cells in
the jejunum indicates that probably there are less neutral mucines available in the luminal
surface, which affects the normal functions of SI. The goblet cell and mucines reduction were
observed in mice subjected to high-fat diet, being related to the alteration of microbiota and
inflammation [45,46]. The FR could reduce the goblet cell and mucus of the epithelial surface
by the reduced food intake and consequent lower demand. Schoffen et al. [42] also observed
the reduction of neutral mucines, but in the proximal colon. Based on this, FR has an
overwhelming effect over T2DM changes. However, this cannot be considered a positive effect,
but a simple adaptive response. The difference between the intestinal segments should be
further studied in the future.

High-fat diets [47,48] and the main diabetes types, types 1 [49] and 2 [12,22,28],
promote losses in the enteric neuron population, generating neuropathy [50]. The neuropathy
disrupts the normal regulation of the GIT, generating alterations in function, like diarrhea [7],
and can affect its morphology as well [33]. Our results corroborate the literature, showing
reduction of general and nitrergic neuron number, as well as the glial density, both in jejunum
and ileum from both T2DM models, except in the glia from ileum of DNC group. Except in the
HuC/D* neurons and glial cells from jejunum of DNC, all other populations analyzed, in both
intestinal segments, presented an increase in their cellular profile. Even after two months of
standard diet, the diabetic animals from DEC group maintained the adaptations caused by the
T2DM. This indicates that only normalizing dietary conditions has no efficacy over this type
of damage.

The neuron and glia loss are attributed to the oxidative stress, since these cells are more
vulnerable this type of damage [6]. Glial cells are important in the maintenance of neuronal
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environment, including in diabetes [51] and therefore their alteration is related to neuronal
disturbance [52,53]. However, contrary to our results, another study showed maintenance of
glial population number in the ileum of type 1 diabetic rats [53], even with both diabetes types
showing similar factors influencing the ENS, like oxidative stress [6,20] and advanced ending
products [20,49,54]. This glial resistance is attributed to the endogenous production of an
antioxidant system, not present in the neurons [55]. Stenkamp-Strahm et al. [56] showed that
high-fat diet affected only mucosal glial cell populations, and while myenteric glia was
unaffected. This difference could be related to the type of damage, as well the duration of the
study. The increase of neuronal profile, caused by the neuronal loss, can be related to a
compensatory adaptation to the lack of cells in order to maintain the minimal control over the
tissue.

FR had little or no effect over the small intestine of control animals regarding the
neuronal and glial population. The literature shows that FR is able to protect neurons during a
post-weaning period [42]. In the other hand, FR promoted great benefits over the two diabetic
models, preventing alterations in the number and cellular area of neurons and glia in most of
the situations. The jejunum was more susceptible to FR protection, mainly in DER group. The
nNOS™ subpopulation of ileum had no benefits from FR, while S-100* glia reduced its size and
increased its number. The protective effect of FR over neurons is considered by other studies
[57], but to our knowledge this is the first study correlating the effects of T2DM and FR over
intestine and enteric neurons.

The alterations observed in the nervous tissue of the present study explains, in part, the
other results. The reduced innervation decreases the control over the absorption and
musculature, leading to the observed characteristics like diarrhea and altered morphology of the
intestine wall.

Conclusion

Both T2DM maodels cause alterations in the morphology of intestine wall and in the
enteric nervous system, leading to reduction of neuron and glia number of myenteric plexus, as
well their morphometry. FR protects the intestine from diabetic damage, although FR itself
generates some adaptations. Different segments of the gut present distinct responses to T2DM
and FR. More studies are necessary to verify the full potential and safety of FR over the
intestine, since it is a complex and vital organ.
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Figure 1. Small intestine length (cm) of control and diabetic rats submitted to food
restriction after 4 months of treatment. Groups: control (CC), control with food restriction
(CCR), diabetic+streptozotocin+cafeteria-style diet (DEC); diabetic+streptozotocin+cafeteria-
style diet with food restriction (DER), diabetic+streptozotocin+nicotinamide (DNC) and
diabetic+streptozotocin+nicotinamide with food restriction (DNR). Results expressed as
mean=SEM (n=5/group). *a p<0.05 vs CC; b p<0.05 vs DEC. One-way ANOVA and Tukey's
post-hoc test analysis.
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Figure 2. Goblet cell number of small intestine of control and diabetic rats submitted to
food restriction after 4 months of treatment. (A) Total goblet cell number counted in 2500
epithelial cells of jejunum. (B) Goblet cell index of jejunum. (C) Total goblet cell number
counted in 2500 epithelial cells of ileum. (D) Goblet cell index of ileum. (E) Representative
photomicrograph of PAS-stained goblet cells (arrows). Periodic Acid-Schiff histochemical
staining; 100X magnification. Groups: control (CC), control with food restriction (CCR),
diabetic+streptozotocin+cafeteria-style diet (DEC); diabetic+streptozotocin+cafeteria-style
diet with food restriction (DER), diabetict+streptozotocin+nicotinamide (DNC) and
diabetic+streptozotocin+nicotinamide with food restriction (DNR). Results expressed as
mean+SEM (n=5/group). *a p<0.05 vs CC; b p<0.05 vs DEC. One-way ANOVA and Tukey's
post-hoc test analysis.
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Figure 3. Representative photomicrographs of myenteric ganglia. Myenteric ganglia (200x
magnification) from jejunum of diabetic rats submitted to food restriction (after 4 months of
treatment). Myenteric ganglia (A) double immunostained myenteric ganglia for HUC/D* (red)
and nNOS™ neurons; (B) HuC/D* single immunostain; (C) nNOS* single immunostain; and (D)

S-1007 glial cells.
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Figure 4. Myenteric neurons and glia from jejunum of control and diabetic rats submitted
to food restriction after 4 months of treatment. (A) Number of HuC/D* neurons. (B) Cell
body area of HUC/D" neurons. (C) Number of nNOS™ neurons. (D) Cell body area of nNOS*
neurons. (E) Number of S-100" glia. (F) Cell body area of S-100* glia. Groups: control (CC),
control with food restriction (CCR), diabetictstreptozotocin+cafeteria-style diet (DEC);
diabetic+streptozotocin+cafeteria-style diet with food restriction (DER),
diabetic+streptozotocin+nicotinamide (DNC) and diabetic+streptozotocin+nicotinamide with
food restriction (DNR). Results expressed as mean+SEM (n=5/group). *a p<0.05 vs CC; b
p<0.05 vs DEC; ¢ p<0.05 vs DNC. One-way ANOVA and Tukey's post-hoc test analysis.
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Figure 5. Myenteric neurons and glia from ileum of control and diabetic rats submitted
to food restriction after 4 months of treatment. (A) Number of HuC/D* neurons. (B) Cell
body area of HUC/D" neurons. (C) Number of nNOS™ neurons. (D) Cell body area of nNOS*
neurons. (E) Number of S-100" glia. (F) Cell body area of S-100* glia. Groups: control (CC),
control with food restriction (CCR), diabetict+streptozotocin+cafeteria-style diet (DEC);
diabetic+streptozotocin+cafeteria-style diet with food restriction (DER),
diabetic+streptozotocin+nicotinamide (DNC) and diabetic+streptozotocin+nicotinamide with
food restriction (DNR). Results expressed as meantSEM (n=5/group). *a p<0.05 vs CC; b
p<0.05 vs DEC; ¢ p<0.05 vs DNC. One-way ANOVA and Tukey's post-hoc test analysis.
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60

Considerac6es Finais

O diabetes é uma doenca que afeta a humanidade ha séculos. Entretanto, recentemente
observou-se aumento preocupante da incidéncia desta doenca, em decorréncia do estilo de vida
atual. Este aumento gerou a necessidade do desenvolvimento de tratamentos e terapias que
amenizassem os danos do diabetes, considerados até pouco tempo atrds como irreversiveis.

Para tratar os danos do diabetes € necessario o entendimento da real extensdo de seus
efeitos no organismo, porém apenas alguns orgdos e tecidos recebem a devida atencdo no
desenvolvimento da doenca. O trato gastrointestinal muitas vezes € ignorado nesse quesito,
mesmo sofrendo alteracBes notaveis que geram grande impacto na qualidade de vida do individuo
acometido pelo diabetes.

Outro fator importante é a limitacdo das formas de estudo do diabetes. Apesar da
semelhanca metabolica e estrutural do humano com outros animais, como 0s ratos, 0
desenvolvimento e a resposta ao diabetes apresenta diferencas. Por este motivo a literatura nos
mostra diversos modelos diferentes para auxiliar o entendimento desta doenca.

A partir disso, neste trabalho optamos pelo estudo comparativo de dois modelos distintos
de diabetes mellitus do tipo 2: um induzido pela associacdo de uma droga diabetogénica
(estreptozotocina) e uma dieta estilo cafeteria, simulando a principal origem deste doenca em
humanos, a mé alimentacédo; enquanto o outro modelo foi obtido através do uso exclusivo da
droga diabetogénica associado a uma droga mitigante (nicotinamida). A utilizacdo destes dois
modelos nos da uma idéia mais clara do comportamento do organismo em face de duas causas
diferentes, embora o resultado final do processo seja, na pratica, semelhante, o diabetes. A
utilizacdo de drogas para a inducdo de diabetes, embora ja documentada na literatura, ainda
enfrenta alguma resisténcia no meio académico, em fungéo dos efeitos sistémicos que as drogas
geram no animal. No caso da inducdo via estreptozotocina e nicotinamida, notamos ser
necessarias duas instancias de aplicagéo das drogas para que o quadro diabético e a hiperglicemia
fossem mantidos estaveis. Ambos os modelos foram previamente testados com o objetivo de
encontrar uma dose de drogas mais efetiva, evitando o desenvolvimento de diabetes do tipo 1
pela destruigdo total das células beta pancreéaticas, ou um efeito demasiado fraco para obtermos
alteracfes importantes. Ainda, desde o principio objetivamos estabelecer um quadro diabético
com hiperglicemia constante, ja que queriamos estudar os efeitos do diabetes estabelecido de

maneira mais rapida que os modelos convencionais, principalmente nos neurdnios entéricos.
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Com relacdo a dieta estilo-cafeteria, alguns estudos j& foram feitos com essa dieta com
varios objetivos, mas principalmente com o intuito de gerar obesidade e até resisténcia a insulina
nos animais. Por este motivo escolhemos aliar a dieta a estreptozotocina para produzir um quadro
de sintomas mais estavel e condizente com a condi¢do humana. Outro motivo para testarmos essa
dieta pouco famosa foi a substituicdo da tradicional dieta de cafeteria, que envolve o
fornecimento de diversos alimentos processados e industrializados, por esta dieta mais simples e
de caracteristicas mais controladas. Embora a associacdo da dieta estilo-cafeteria e
estreptozotocina tenha gerado um quadro de diabetes tipo 2 estavel, ndo houve desenvolvimento
de obesidade em funcdo da aplicacdo da estreptozotocina. A alianga desta dieta com a
estreptozotocina é algo inédito na literatura, que nos forneceu dados importantes para
comparagdo com outras formas de inducédo ao diabetes, permitindo a comunidade cientifica dar
um passo a mais em direcdo ao “modelo animal perfeito de diabetes mellitus tipo 2”.

Os resultados obtidos desta tese, além de mostrar novas formas de estudo do diabetes, nos
possibilitaram avaliar o comportamento geral do intestino delgado, com enfoque nos segmentos
jejuno e ileo, em face desta doenca. Nossos resultados mostraram que cada modelo interfere de
maneira distinta os parametros avaliados neste estudo, assim como a resposta a restricdo
alimentar também foi diferente. Ainda mais, os diferentes segmentos do intestino delgado
observados tem comportamentos distintos, corroborando outros estudos. Os dados nos
mostraram que o diabetes do tipo 2 geram comportamento intestinal diferente em comparacao ao
diabetes do tipo 1, cujo dados estdo presentes na literatura. Esses dados permitem a extensdo dos
estudos na area com o objetivo de implementar novas metodologias que visem o tratamento
eficaz do paciente diabético.

Também demonstramos que 0s modelos utilizados neste trabalho, com apenas dois meses
de diabetes estabelecido, ja geram alteracbes significativas nos neurdnios entéricos. O
comprometimento destas populac@es neuronais corrobora com diversos outros estudos que
mostram a fragilidade dessas populagdes, bem como o impacto da qualidade de vida que isto
gera.

Corroborando outros dados, principalmente relacionados ao envelhecimento, a restri¢éo
alimentar protegeu o metabolismo geral e a morfologia dos neurdnios, reforcando seus efeitos
positivos em diversas situacdes. Como observado em nossos dados, os efeitos benéficos da
restricdo alimentar sdo principalmente relacionados a protecdo contra o estresse oxidativo no
organismo, o qual é elevado em diversas situacdes, incluindo o diabetes.

Embora a restricdo alimentar de 50%, utilizada no presente trabalho, seja considerada

severa, sua utilizacdo controlada ja mostrou beneficios em diversas situa¢es. Ainda, mais
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estudos sdo necessarios para encontrarmos a melhor forma de aplicagdo desta intervencao, ja que
a literatura mostra uma grande diversidade e falta de padronizacéo neste assunto, ja ha algumas
décadas. Por fim, acreditamos ter contribuido para a expansédo destas areas de estudo, esperando
que o potencial dos modelos de diabetes e da restricdo alimentar possam ser continuamente

explorados no futuro.
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Resumo: O diabetes mellitus tipo 2 eleva o nivel glicEmico gerando aumento do estresse oxidativo em
varios tecidos. O trato gastrointestinal também é comprometido pelo diabetes, gerando disfungdes,
como disfagia e constipagdo. Ha varios modelos animais de indugdo do diabetes, porém, ndo ha
completa similaridade com a doenga humana, carecendo de melhor caracterizacdo e comparagéo entre
modelos. A restricdo alimentar gera varios beneficios ao organismo, como no processo de
envelhecimento e no combate a doencas pela reducdo da formagdo de radicais livres e,
consequentemente, do estresse oxidativo. A restricdo alimentar ja mostrou beneficios sobre os
individuos diabéticos, mas a literatura ndo considera se este modelo é capaz de recuperar as funcdes
gastrointestinais. O objetivo deste estudo € avaliar as diferencas de modelos de diabetes sobre o jejuno
e o ileo, e suas respostas a restricdo alimentar. Para isto serdo utilizados 60 ratos Wistar, dos quais 20
serdo animais controle, distribuidos em animais ndo tratados e animais sob restricdo alimentar. Os
animais restantes serdo submetidos a dois protocolos de diabetizagdo, com indugéo quimica por meio
de injecdo de nicotinamida e estreptozotocina, ou dieta de cafeteria por dois meses seguida de injecdo
de estreptozotocina. Para cada protocolo 10 animais receberdo racdo padrdo ad libitum e 10 sofrerdo
restricdo alimentar baseada no grupo controle restringido. A restri¢cdo alimentar utilizada sera de 50%
do consumo didrio de ragdo. Apos 60 dias de restri¢do os animais serdo eutanasiados, e terdo seu sangue



coletado para realizacdo de dosagens bioquimicas de proteinas totais, uréia, frutosamina, niveis de
aspartato aminotransferase e alanina aminotransferase, malondialdeido e atividade de GLP-1. O
intestino delgado serd coletado e terd o jejuno e ileo separados e fixados para técnicas
imunohistoquimica de avaliagcdo da populagdo geral e subpopulagdes colinérgica, nitrérgica e vipérgica
neuronal, e glia do plexo mioentérico. Outra porcdo destes segmentos serdo destinadas a técnicas de
imunoidentificacdo para avaliar células enteroendécrinas serotoninérgicas e GLP-1 imunoreativas,
além da apoptose por meio do TUNEL em cortes histologicos. Também serd realizada determinacdo
de alguns parametros do estresse oxidativo tecidual por meio das técnicas da superoxido dismutase e
do &cido tiobarbitdrico. Os dados serdo submetidos a analise estatistica utilizando o teste K-S, seguidos
pelos testes de andlise de variancia (one-way ANOVA) e pos-teste de Tukey, ou teste de Kruskal-
Wallis e pds-teste de Dunn’s, conforme a normalidade dos dados.

Maringd, 18 de agosto de 2015

7590050415

Prof. Dr. Alexandre Ribas de Paulo
Coordenador da Comissao de Etica no Uso de Animais
Universidade Estadual de Maringa
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