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APRESENTACAO

Esta dissertacdo é composta de um artigo cientifico, intitulado “Protein-restriction diet
in suckling phase programs rat metabolism against obesity and insulin resistance
exacerbation induced by high-fat diet in adulthood”. O trabalho demonstra o impacto de uma
dieta rica em gordura na vida adulta de animais previamente programados por desnutricdo
proteica no inicio da vida. Em consonéncia com as regras do Programa de P6s-graduagdo em
Ciéncias Bioldgicas, o artigo foi redigido de acordo com as normas da revista Journal of

Nutritional Biochemistry, com atual fator de impacto 4,66 (Qualis CB1: A2).



RESUMO GERAL

INTRODUGCAO - Insultos nutricionais no inicio da vida tém sido associados ao
desenvolvimento de doencas metabdlicas na vida adulta, como a obesidade e diabetes tipo 2. O
conceito DOHaD (Developmental Origins of Health ans Diseases) descreve, por meio de
pesquisas experimentais e epidemioldgicas, como eventos em fases sensiveis do
desenvolvimento provocam alteragbes fisiologicas no organismo, programando-0 para
consequéncias a longo prazo. Em roedores, o pico de desenvolvimento dos érgdos e sistemas,
como Sistema Nervoso Central, ocorre nas primeiras semanas de lactacdo. A restricdo proteica é
considerada um modelo bem estabelecido para o estudo da programacdo metabdlica, e sabe-se
que a prole de mées que passaram por restricdo de proteinas durante os 2/3 iniciais da lactacdo
apresenta um fendtipo magro na vida adulta associado a intolerancia a glicose, hipoinsulinemia,
reducdo da secrecdo de insulina pelas ilhotas pancreéticas e alteragdes na atividade do Sistema
Nervoso Autonémico. Este perfil pode ser extremamente vulneravel a uma mudanca nutricional

na vida adulta, principalmente a exposicdo a uma dieta hiperlipidica.

OBJETIVO - Avaliar o impacto de uma dieta rica em gordura no metabolismo de animais
programados no inicio da vida com uma dieta hipoproteica.

METODOS — Ratos Wistar machos e fémeas, de 80 e 70 dias de vida, foram obtidos do Biotério
Central da Universidade Estadual de Maringd e colocados para cruzar na propor¢do de um
macho para trés fémeas no Biotério Serotial do Laboratério de Biologia Celular da Secrecéo,
apos cinco dias de adaptacdo. Detectada a prenhez, as ratas foram colocadas em caixas
individuais e, ao nascimento, as ninhadas foram padronizadas para oito filhotes por mae e foram
divididas em dois grupos experimentais. Mé&es controles (n=12) receberam dieta comercial,
normoproteica (NP; 23% de proteina; Nuvital®; Curitiba/PR, Brazil) por toda a lactagio e méaes
desnutridas (n= 12) receberam dieta hipoproteica (LP; 4% de proteina) nos primeiros 14 dias de
lactacdo. Aos 21 dias os animais foram desmamados e mantidos com dieta controle até os 60
dias de vida. Nessa idade, a prole de maes NP e LP recebeu dieta normolipidica (NF; 4.5% de
gordura; Nuvital®; Curitiba/PR, Brazil) ou dieta hiperlipidica (HF; 35% de gordura) até os 90

dias. Durante todo o periodo experimental os animais foram mantidos sob temperatura (23 * 2



°C) e fotoperiodo (7:00 a.m. to 7:00 p.m., ciclo claro) controlados. Com 90 dias, 0s animais
passaram pelo teste de tolerdncia & glicose intravenoso e teste de tolerdncia a insulina
intraperitoneal, ambos realizados por meio de uma cénula implantada por procedimento
cirdrgico na veia jugular direita do rato. Esses animais foram posteriormente anestesiados e
eutanasiados para o isolamento das ilhotas pancreaticas com o objetivo de estudar a secre¢do de
insulina frente a diferentes concentra¢fes de glicose, antagonistas e agonistas muscarinicos e
adrenérgicos. Outro grupo de animais, aos 90 dias de vida, foi submetido ao registro elétrico dos
nervos vago e esplancnico e posterior retirada dos principais estoques de gorduras. Os dados
foram expressos como media * erro padréo e analisados atraves de test t de Student ou ANOVA
de duas vias com pos teste de Tukey, com intervalo de confianca de 95%. O programa utilizado

foi GraphPad Prism, verséo 6.01.

RESULTADOS E DISCUSSAO — A restricdo proteico-calérica na lactagdo provocou baixo
peso corporal, menores estoques de gordura, intolerancia a glicose, hipoinsulinemia, elevada
sensibilidade a insulina, reducdo da secre¢do de insulina e alteracdo do Sistema Nervoso
Autonémico na prole aos 90 dias de vida. Animais NP que ingeriram dieta HF na vida adulta
apresentaram-se com elevado ganho de peso corporal, aumento nos estoques de gordura,
alteracbes no metabolismo da glicose e na secrecdo de insulina pelas ilhotas pancreéticas.
Interessantemente, os animais LP alimentados com dieta HF na vida adulta também
apresentaram elevado peso corporal, acimulo de gorduras e alteragdes na homeostase glicémica,
porém, com menor magnitude em relacdo ao grupo NP/HF. Além disso, animais LP/HF tém
elevada sensibilidade a insulina. Esses resultados sugerem que 0s animais desnutridos no inicio
da vida apresentam um mecanismo de protecdo ao desenvolvimento de obesidade e disfuncdes
metabolicas exacerbadas na vida adulta, induzidas por uma dieta obesogénica. Provavelmente, o
aumento na expressao dos receptores de glicose dependentes de insulina, GLUT-4, e 0 aumento
na atividade do Sistema Nervoso Simpatico dos animais LP sdo as chaves do mecanismo de

resisténcia apresentado frente a dieta HF.

CONCLUSAO - Restricdo proteica na lactacdo promove resisténcia ao desenvolvimento de
obesidade exacerbada induzida por dieta hiperlipidica na vida adulta.



GENERAL ABSTRACT

INTRODUCTION - Early life nutritional insults have been associated with the development of
metabolic diseases in adulthood, such as obesity and type 2 diabetes. The DOHaD concept
(Origins of Health Development and Disease) describes, through experimental and
epidemiological research, how events in sensitive stages of development cause physiological
changes in the body, scheduling it for long-term consequences. In rodents, the peak development
of organs and systems, such as the Central Nervous System, occurs in the first weeks of
lactation. Protein restriction is considered to be a well-established model for the study of
metabolic schedule, and it is known that the offspring of mothers who have undergone protein
restriction during the initial 2/3 of lactation has a lean phenotype in adulthood associated with
glucose intolerance, hypoinsulinemia, reduction of insulin secretion by pancreatic islets and
alterations in the activity of the Autonomic Nervous System. This profile can be extremely

vulnerable to nutritional change in adult life, especially exposure to a high-fat diet.

AIM - Evaluate the impact of a high-fat diet on the metabolism of animals programmed in early

life with a low-protein diet.

METHODS — Male and female Wistar rats, 80 and 70 days old, were obtained from the Central
Biotério of the State University of Maringa and placed to cross in the ratio of one male to three
females in the Serotial Biotério of the Laboratory of Cellular Biology of Secretion, after five
days of adaptation. When the pregnancy was detected, the dams were placed in individual cages
and, at birth, the litters were standardized to eight pups per dam and were divided into two
experimental groups. Controlled mothers (n = 12) received a commercial diet (NP, 23% protein,
Nuvital®, Curitiba / PR, Brazil) throughout the lactation and malnourished mothers (n = 12)
received a low-protein diet (LP, 4% Protein) during the first 14 days of lactation. At 21 days, the
animals were weaned and kept on a control diet until 60 days of age. At this age, the offspring of
NP and LP mothers received a normolipid diet (NF, 4.5% fat, Nuvital®, Curitiba / PR, Brazil) or
a high-fat diet (HF, 35% fat) until 90 days of age. Throughout the experimental period the
animals were kept under controlled temperature (23 = 2 °C) and photoperiod (7:00 a.m. to 7:00
p.m., light cycle). At 90 days, the animals underwent the intravenous glucose tolerance test and

intraperitoneal insulin tolerance test, both performed by means of a cannula implanted by



surgical procedure in the right jugular vein of the rat. These animals were subsequently
anesthetized and euthanized for the isolation of pancreatic islets to study the insulin secretion
with different glucose concentrations, antagonists and agonists of muscarinic and adrenergic
receptors. Another batch of animals, at 90 days of age, was submitted to electrical recording of
the vagus and splanchnic nerves and subsequent removal of the main fat stores. Data were
expressed as mean * standard error and analyzed by Student t test or two-way ANOVA with
Tukey test powders, with a 95% confidence interval. The program used was GraphPad Prism,

version 6.01.

RESULTS AND DISCUSSION - Protein-caloric restriction during lactation caused low body
weight, lower fat stores, glucose intolerance, hypoinsulinemia, high insulin sensitivity, reduced
insulin secretion and alteration of the Autonomic Nervous System in offspring at 90 days of life.
NP animals fed with HF diet in adulthood presented high body weight gain, increased fat stores,
changes in glucose metabolism and insulin secretion by pancreatic islets. Interestingly, LP
animals fed with HF diet in adult life also presented high body weight, accumulation of fats and
alterations in glycemic homeostasis, but with smaller magnitude compared to NP/HF group. In
addition, LP/HF animals have high insulin sensitivity. These results suggest that malnourished
animals in early life present a protective mechanism against the development of obesity and
exacerbated metabolic dysfunctions in adulthood, induced by an obesogenic diet. Increased
expression of insulin-dependent glucose receptors, GLUT-4, and the increase in the activity of
the Sympathetic Nervous System of LP animals are probably the keys to the resistance

mechanism presented against the HF diet.

CONCLUSION - Protein restriction during lactation promotes resistance to the development of

exacerbated obesity induced by high-fat diet at adulthood.
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Abstract

Protein restriction during the suckling phase can malprogram rat offspring to a lean phenotype
associated with metabolic dysfunctions later in life. We tested whether protein-caloric restriction
during lactation can exacerbate the effect of a high-fat (HF) diet at adulthood. To test this
hypothesis, we fed lactating Wistar dams with a low-protein (LP; 4% protein) diet during the
first two weeks of lactation or a normal-protein (NP; 23% protein) diet throughout lactation. Rat
offspring from NP and LP mothers received a normal-protein diet until 60 days old. At this time,
a batch of animals from both groups were fed an HF (35% fat) diet while another received a
normal-fat (NF; 7% fat) diet. Maternal protein-caloric restriction provoked lower body weight
and fat pad stores, hypoinsulinaemia, glucose intolerance, higher insulin sensitivity, reduced
insulin secretion and altered autonomic nervous system (ANS) function in adult rat offspring. At
90 days old, NP rats fed an HF diet in adulthood displayed obesity, impaired glucose
homeostasis and altered insulin secretion and ANS activity. Interestingly, the LP/HF group also
presented fat pad and body weight gain, altered glucose homeostasis, hyperleptinemia and
impaired insulin secretion, but at a smaller magnitude than the NP/HF group. In addition, LP/HF
rats displayed elevated insulin sensitivity. We concluded that protein-caloric restriction during
the first 14 days of life programs the metabolism of male rats to be resistant to the exacerbation

of obesity and insulin resistance induced by an obesogenic HF diet.

Keywords: protein restriction; lactation; obesity; metabolic programming.
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1. Introduction

An environment of nutritional imbalance in early life is associated with an increased risk of
developing metabolic diseases in adulthood. This process, termed metabolic programming [1],
can be explained by the developmental origins of health and disease (DOHaD) concept, which
describes through various scientific studies how early environmental factors can induce
physiological changes in foetal, neonatal and infant individuals and program long-term post-
natal consequences [2-4]. Among these environmental factors, nutrition is one factor that plays a
major role in development. Poor nutrition during foetal or early postnatal development provokes
metabolic adaptations based on these early environmental circumstances; this response,
postulated by Barker (1992), is known as the predictive adaptive response or Thrifty Phenotype
Hypothesis [5]. When this predictive adaptive response is challenged with a different nutritional
environment later in life, the mismatch between early and later nutrition can lead to later health
problems[4, 6].

Pregnancy and the suckling period make up a window of susceptibility to metabolic
programming. In rodents, the development and maturation of the major organs and tissues, such
as the endocrine system and central nervous system (CNS), occurs mainly during the first weeks
after birth [7]. During this period, postnatal undernutrition exposure can affect the development
of neural circuitry involved in metabolism, energy expenditure, and pancreatic beta cell function
[8, 9], which manifests as impaired insulin secretion and metabolic dysfunction.

A protein-restriction diet in rats is a well-established model used to investigate the relationship
between early nutritional insults and adult diseases [10]. However, the timing and duration of
dietary manipulation is crucial for understanding the programming effects of early malnutrition.
Nutritional restriction to the foetus, as in the case of a maternal low-protein diet during

pregnancy, causes low birth weight in rat offspring and subsequent rapid “catch-up” growth,
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which represents an important predictor for the development of adult metabolic diseases. In this
context, a low-protein diet throughout gestation has been associated with hyperinsulinaemia,
insulin resistance and glucose intolerance [11-13]. On the other hand, rat offspring
undernourished by a low-protein diet during the suckling period do not develop adult obesity and
show a lean phenotype throughout life. Moreover, significantly reduced pancreatic beta cell
function is observed in rat offspring that received low-protein diet [14, 15]. These studies
indicate that a maternal low-protein diet during different periods can cause differential
programming of metabolism.

Previously, we have demonstrated that protein restriction during first two weeks of the lactation
period caused low body weight, hypoinsulinaemia, a lower capacity for insulin secretion, high
insulin sensitivity, impaired glucose homeostasis and reduced vagal activity [16]. Animals with
this profile can be extremely vulnerable to postnatal dietary challenge, principally exposure to
high-calorie diets, and therefore potentially display obesity and related diseases in adulthood [6].
Although many studies have shown the effects of early undernutrition on the offspring’s
metabolic parameters [11, 14, 15, 17], few studies precisely delineate the impact of
undernutrition during the lactation period and exposure to caloric abundance in adulthood, a food
environment still commonly faced today in developing countries. Thus, in this study we aimed to
evaluate the long-term effects of a low-protein diet offered to dams during the first two weeks of
lactation on the body composition, pancreatic function, lipid profile, glucose homeostasis and

ANS of rat offspring submitted to an HF diet in adulthood.
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2. Materials and Methods

2.1 Experimental design and diets

After one week of adaptation, female and male Wistar rats (70 and 80 days of age, respectively)
were mated in a ratio of three females to each male, and the pregnant females were transferred to
individual cages and fed a standard diet. At birth, the litters were standardized to eight pups per
dam, preferentially male, and divided into two experimental groups. The control dams (n = 12)
received a normal-protein diet (20.5% protein; Nuvital®; Curitiba/PR, Brazil; NP group)
throughout lactation, while the other group of mothers was fed a low-protein diet (n = 12, 4%
protein; LP group) for the first 14 days of lactation. At postnatal day 21, the male offspring were
weaned, housed four per cage and fed a standard diet. At sixty days of age, offspring from NP
and LP dams were fed a normal-fat (NF) diet (4.5% fat; Nuvital®; Curitiba/PR, Brazil) or a high-
fat (HF) diet (35% fat) until ninety days of age. Thus, the four experimental groups used were as
follows: NP/NF, control offspring fed a normal-fat diet; LP/NF, low-protein offspring fed a
normal-fat diet; NP/HF, control offspring fed a high-fat diet; and LP/HF, low-protein offspring
fed a high-fat diet (n = 6 litters per group). The experimental procedures were conducted at
ninety days of age. Throughout the experimental period, the animals were kept under controlled
temperature (23 + 2°C) and photoperiod (7:00 a.m. to 7:00 p.m., light cycle) conditions. The
animals received water and food ad libitum. The compositions of the low-protein and high-fat

diet have been described previously [18, 19].

2.2 Body weight gain, caloric intake and fat pad store measurements

Body weight (bw) and food intake were determined every two days from weaning until 90 days

of age. Food intake was calculated as the difference between the amount of diet remaining (D)
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and the amount presented previously (Di), divided by the number of animals in the cage and by
the number of days: [FI(g) = (Ds —Di)/2/3]. Considering that the energetic values of the diets are
different, food intake was presented in calories (Kcal/g bw). The area under the curve (AUC)
was calculated. At 90 days of age, the rats were anaesthetized with thiopental (45 mg/kg bw),
decapitated and laparotomized to remove their retroperitoneal, periepididymal and mesenteric fat
pad stores. The weight of fat pads was expressed in relation to the bw of each animal (g/100 g
bw). Body length and final bw were assessed to evaluate the Lee index through the following

calculation, which was previously described: Lee index = 1/3 [bw (g)/body length (cm)] [20].

2.3 Intravenous glucose tolerance test (ivGTT)

At 90 days of age, a batch of animals (n = 3 litters per group) were subjected to a surgical
procedure to perform the ivGTT, as previously described [16]. After a 12-hour fast, blood
samples were removed before the injection of glucose (1 g/kg bw) (0 min) and 5, 15, 30 and 45

min afterward. The glucose response during the test was calculated by AUC.

2.4 Intraperitoneal insulin tolerance test (ipITT)

Another batch of animals (n = 3 litters per group) were cannulated, and the ipITT was performed
after a 6-hour fast. They received an injection of insulin (1 U/kg bw), and blood samples were
collected, as previously reported [21]. Subsequently, the rate of glucose tissue uptake or the rate

constant for plasma glucose disappearance (Kit) was calculated [22].

2.5 Pancreatic islets isolation

Ninety-day-old rats (n = 3 litters per group) had their pancreatic islets isolated by the collagenase

method, as previously described [23]. To adapt insulin secretion to a baseline glucose
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concentration (5.6 mmol/l), we preincubated the islets (four islets per well) for 60 min at 37°C in
Krebs solution containing 5.6 mmol/l of glucose at pH 7.4, bubbled with a mixture of CO; (5%)

and Oz (95%) [24].

2.6 Insulin secretion stimulation

To study the insulinotropic effects of different glucose and acetylcholine (ACh) concentrations,
after 60 min of preincubation, we incubated the islets for an additional 60 min with 5.6, 8.3 or
16.7 mmol/l of glucose or 8.3 mmol/l of glucose plus 10 pumol/l of ACh in the presence of
neostigmine (10 umol) to block acetylcholinesterase activity. Another batch of islets was used to
study muscarinic acetylcholine receptor (MAChR) function. To block mAChR function, we used
one of the following cholinergic antagonists in a solution with 8.3 mmol/l of glucose plus 10
umol/l of ACh: the non-selective mAChR antagonist atropine (Atr, 10 umol/l), the selective
MAChR subtype M3 antagonist 4-diphenylacetoxy-N-methylpiperidine methiodide (4-DAMP,
100 umol/1) or the selective mAChR subtype M2 antagonist methoctramine (MTT, 1 umol/l).

To study adrenoceptor function, after preincubation, we incubated another batch of islets with a
high glucose concentration (16.7 mmol/l) in the presence of the agonist adrenaline (Adr, 1
umol/l) or glucose (16.7 mmol/l), Adr (1 pmol/l) plus the az-adrenoceptor antagonist yohimbine
(Yoh, 10 umol/l). The supernatants from the incubations were collected and stored at —20°C for

further insulin measurements.

2.7 Insulin level analyses

The insulin levels of plasma and supernatants from the incubation of pancreatic islets were

measured by radioimmunoassay (RIA) [25].
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2.8 Quantification of blood glucose and leptin levels
Glucose concentration was measured by the glucose oxidase method using a commercial Kit
(GoldAnalisa®; Belo Horizonte, MG, Brazil) [26]. Leptin plasma levels were determined with an

ELISA kit (Enzo Life Sciences, Plymouth Meeting, PA, USA).

2.9 Lipid profile
Triglycerides, total cholesterol and HDL-C were measured in plasma samples by a colourimetric
method using commercial kits (Gold Analisa®; Belo Horizonte, MG, Brazil). LDL and VLDL

cholesterol values were determined by the Friedewald formula [27].

2.10 Autonomic nerve electrical activity

At 90 days of age, a batch of rats that had been fasted for 12 h (n = 3 litters per group) were
anaesthetized with thiopental (45 mg/kg bw). A longitudinal surgical incision was made on the
anterior cervical region of the animal. The left superior vagus nerve from the superior cervical
ganglion was isolated. A laparotomy was performed to isolate the branch of the sympathetic nerve
that is located in the splanchnic region [28]. A pair of silver recording electrodes (0.6 mm diameter)
were placed under the nerve, which was covered with silicone oil to prevent dehydration. The
electrode was connected to an electronic device (Bio-Amplificator; Insight Equipamentos,
RibeirdoPreto, Brazil) that amplified the electrical signal prior to filtering out the frequencies lower
than 1 kHz and higher than 80 kHz. The signal output was acquired using Insight software and
stored on a computer. The animals were placed in a Faraday cage to avoid any electromagnetic

interference during the experimental period [29].

2.11 Statistical analysis
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The results are presented as the mean with the standard error (SEM). Statistical analysis was
performed using Student’s t-test or two-way ANOVA (analysis of variance) followed by Tukey’s
post hoc test. A P value < 0.05 was considered statistically significant for the effects of a low-
protein diet (LP), a high-fat diet (HF) or the interaction (I) of low protein and high fat. Analyses
were conducted in GraphPad Prism version 6.01 for Windows (GraphPad Software, Inc. San Diego,

CA, USA).
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3. Results

3.1 Body weight, food intake and body composition

As shown in Table 1, protein restriction during lactation caused a decrease of 56% and 23% in
the bw of the offspring at 21 and 90 days old, respectively (P<0.0001). Both groups that were fed
a high-fat diet in adulthood had increased bw at 90 days old, with increases of 20% (P<0.0001)
and 15% (P<0.05) for NP/HF and LP/HF, respectively. However, LP/HF rats showed a 26%
lower bw than the NP/HF group (P<0.0001). No difference was observed in the Lee index of
LP/NF rats. The NP/HF group showed a 6% increase in this parameter (P<0.0001), and the
LP/HF group exhibited 4% lower Lee index than the NP/HF group (P<0.001).

The offspring of dams fed a low-protein diet showed a 25% lower bw gain than offspring of
control dams until 60 days of age (Fig. 1A; P<0.0001), although they had a higher food intake
compared with NP (Fig. 1B; +23%; P<0.0001). High-fat diet consumption at adulthood resulted
in increased bw gain in both groups. NP/HF animals gained 46% more bw than NP/NF (Fig. 1C;
P<0.0001), and the LP/HF group presented a 34% increase with respect to LP/NF (Fig. 1C;
P<0.0001). However, LP/HF rats gained 28% less bw than NP/HF rats (P<0.0001). There was no
difference between groups in caloric intake from 60 to 90 days old (Fig. 1D).

As shown in Fig. 2, the white adipose tissue mass was lower in the LP/NF rats than in the control
group, with a reduction of 33% for periepididymal (P<0.01), 31% for retroperitoneal (P<0.05)
and 41% for mesenteric fat (P<0.05). As expected, NP/HF animals had larger stocks of fat than
NP/NF, as demonstrated by the periepididymal (Fig. 2A; +130%; P<0.0001), retroperitoneal
(Fig. 2B; +150%; P<0.0001) and mesenteric (Fig. 2C; +136%; P<0.0001) fat pads. The LP/HF
group also showed an increase in body fat composition (Fig. 2; +92%, 126% and 123%,
respectively; P<0.0001) compared with LP/NF; however, LP/HF rats presented smaller fat pads

than NP/HF by approximately 40% (P<0.0001).
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3.2 Biochemical parameters and lipid profile

Table 1 shows that fasting glycaemia was increased by 24% in NP/HF and by 20% in LP/HF rats
compared with NP/NF rats (P<0.001). No effect was observed in malnourished rats fed a high-
fat diet compared with their counterparts. LP/NF animals exhibited a decrease of 57% in
insulinaemia compared with NP/NF (P<0.05). Both groups fed with HF diets showed an increase
of insulinaemia compared with their counterparts; however, the LP/HF group exhibited 38%
lower fasting insulinaemia than the NP/HF (P<0.01).

There was no significant difference in the plasma leptin of LP/NF rats compared with NP/NF;
however, as expected, animals that received a high-fat diet presented higher levels of leptin than
their controls (NP/HF, P<0.0001 and LP/HF, P<0.05). Still, the leptin levels were 44% lower in
the LP/HF group than in the NP/HF group (Table 1; P<0.05).

Regarding lipid profile (Table 1), LP/NF animals had lower levels of triglycerides and total
cholesterol than NP/NF ones (P<0.05). Control animals fed a hypercaloric diet exhibited
increases of 30% (P<0.01) and 36% (P<0.0001) in triglycerides and total cholesterol,
respectively. LP/HF rats presented elevated total cholesterol compared with LP/NF rats (+24%,
P<0.0001). Perinatal undernutrition caused a reduction of 42% in HDL-C (P<0.01), an increase
of 109% in LDL-C (P<0.0001) and a reduction of 23% in VLDL-C compared with the control
group (P<0.01). An HF diet in adulthood caused increased LDL-C (+47%, P<0.05) in control
animals; however, LP rats did not present differences in these parameters after HF consumption.
3.3 Glucose homeostasis during the glucose and insulin tolerance tests

During the ivGTT, as demonstrated by the AUC, the glycaemia of LP/NF animals was increased
by 19% (Fig. 3A; P<0.05), even though they displayed higher peripheral insulin sensitivity than

NP/NF, as indicated by Kix (Fig. 3B; P<0.01). Control animals fed an HF diet were glucose
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intolerant (Fig. 3A; +41%; P<0.0001) and insulin resistant as indicated by Kix (Fig. 3B; -67%;
P<0.01). Although hyperglycaemic during the test, LP/HF rats did not present any difference in
glycaemia compared with LP/NF and showed insulin sensitivity as indicated by Kix (Fig. 3;

+48%; P<0.0001).

3.4 Glucose-induced insulin secretion and the muscarinic and adrenergic responses in
pancreatic isolated islets

Fig. 4A shows that the isolated islets of malnourished offspring secrete less insulin than those of
the NP/NF group at a low glucose concentration (5.6 mmol/l) and under postprandial conditions
(8.3 and 16.7 mmol/l). The islets of NP/HF animals presented increases of 54% (Pxr<0.01), 34%
and 10% in insulin secretion at 5.6, 8.3 and 16.7 mmol/l glucose, respectively, compared with
NP/NF. The islets of the LP/HF group exhibited increases of 85%, 29% and 32% in insulin
secretion compared with LP/NF at the same glucose concentrations. However, LP/HF rats
secreted approximately 27% less insulin at all glucose concentrations compared with NP/HF
(Fig. 4A; P<0.01).

The cholinergic response was reduced in malnourished rats (Fig. 4B; P<0.01) as well as in
NP/HF and LP/HF. NP/HF rats showed a reduction of 43% (Fig. 4B; P<0.05) in ACh response
compared with NP/NF, while LP/HF presented a small increase over LP/NF in ACh response on
insulin secretion (Fig. 4B; P< 0.05).

When the nonselective mAChR antagonist Atp was added, insulin secretion was blocked by 57%
in NP/NF. LP/NF showed only 8% inhibition (Fig. 4C; P<0.0001); NP/HF animals presented a
33% reduction; and the LP/HF group recovered this parameter, since insulin secretion was
inhibited by 57% (Fig. 4D; P<0.0001). 4-DAMP, a selective antagonist of the muscarinic M3

receptor, decreased insulin secretion in islets from all groups; however, secretion was inhibited
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by 58% in the NP/NF group, 29% in LP/NF, 59% in NP/HF and 61% in LP/HF (Fig. 4D;
P<0.0001). Incubation with MTT increased insulin secretion by 31% in the NP/NF group, 117%
in LP/NF, 30% in NP/HF and 25% in LP-HF (Fig. 4E; P<0.0001).

Incubation with Adr (Fig. 4F) blocked 53% of insulin secretion in NP/NF islets. The LP/NF
group had a 33% decrease in insulin release (P<0.0001), and NP/HF had a 45% reduction
(P<0.0001). However, the islets of LP/HF rats showed only a 13% of block in insulin secretion
(P<0.0001). Yoh promoted a 48% increase in insulin secretion in NP/NF islets, and LP/NF islets
showed a 27% increase (Fig. 4G; P<0.01). Both groups that were fed an HF diet were less

responsive to Yoh, with increases of 22% and 13% in NP/HF and LP/HF, respectively (P<0.01).

3.5 Autonomic nervous system activity

As shown in Fig. 5, parasympathetic activity was decreased 26% in malnourished rats (P<0.05),
while both groups that were fed an HF diet had increases in this parameter: 28% for NP/HF
(P<0.05) compared with NP/NF and 64% for LP/HF compared with LP/NF (P<0.001). No
difference was observed between the NP/HF and LP/HF groups.

Sympathetic activity was increased 34% in LP/NF animals compared with NP/NF (Fig. 5;
P<0.05). There was no difference between the NP/NF and NP/HF groups. However, LP animals
maintained their increased activity when fed an HF diet. We observed that the LP/HF group

showed a 24% increase in sympathetic activity compared with NP/HF (P<0.05).
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4. Discussion

In the present study, we evaluated the long-term impact of undernutrition during the first two
weeks of lactation induced by a maternal low-protein diet and the subsequent vulnerability to
caloric excess induced by an HF diet. Herein, the major finding was that rats whose mothers
were fed a protein-caloric-restricted diet during the lactation period are resistant to developing
the HF diet-induced metabolic dysfunction that rats given an unrestricted diet develop. This
outcome contradicts the hypothesis that rats nursed by protein-caloric restricted during lactation
period appeared to be more vulnerable to an adverse adult environment.

A low-protein diet during lactation provoked low early body weight gain and lower body fat in
the offspring throughout the lactation period, as previously observed [30]. The low bw can be
attributed to milk consumption. In mothers fed a low-protein diet during lactation, milk
production was lower, which can contribute to low offspring milk consumption [31]. Altered
milk content can also be associated with this lean phenotype [32].

After weaning, LP animals had a peak in food intake that corroborates with previous data [12,
16], and this increase was not maintained during adulthood. No changes in food intake were
observed between groups when HF was administered. In addition, LP animals maintained lower
bw gain and fat pad stores during growth compared with unrestricted rats. Studies have
demonstrated that perinatal malnutrition leads to alterations in the central pathway governing
food intake and energy expenditure [14, 33, 34]. Additionally, a decrease in the mRNA levels of
neuropeptide Y, an orexigenic hypothalamic neuropeptide, has been associated with better
response to an HF diet in rats nursed by moderately calorie-restriction dams [35].

Catch-up growth after poor foetal or neonatal growth is associated with increased risks for the
development of obesity, type 2 diabetes and cardiometabolic diseases [36-38]. Pups from

mothers fed a low-protein diet (4% protein) during the last week of pregnancy showed low birth
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weight and fast catch-up growth. Indeed, these intrauterine restricted rats had exacerbated high
fat diet-induced metabolic dysfunction (data not published). In contrast to the intrauterine
malnutrition animals, the offspring of the protein-restricted rats in this study did not exhibit
catch-up growth. This indicates that protein restriction in the suckling period of rodents blocks
catch-up growth and reduces the risk of obesity and related disorders [39].

It is well established that HF diet consumption leads to obesity associated with
hyperinsulinaemia, hyperleptinemia, dyslipidaemia, glucose intolerance, insulin resistance and
impaired endocrine-pancreatic function in rats [28, 40, 41] as well as disruption in the control of
energy balance [42]. Nevertheless, in the current work, LP/HF rat offspring showed fat pad
gains, altered lipid profiles, hyperglycaemia, hyperleptinemia and hyperinsulinaemia associated
with high dietary demand, but with a much smaller magnitude than NP/HF rats. Indeed, LP/NF
rat offspring were not insulin resistant; instead, they presented high insulin sensitivity, which
was maintained even when they were fed an HF diet. Thus, our data shows that maternal protein
restriction during the first 14 days of lactation blocks the deleterious effects of an HF diet upon
energy metabolism in rats, which seems to oppose the prediction of the thrifty phenotype
hypothesis [43, 44]. Along the same lines, a previous study showed that mice from mothers fed a
low-protein diet (10% protein) during pregnancy and lactation are protected against high-fat diet-
induced obesity. These animals showed an increase in energy expenditure due to increased
mitochondrial function in skeletal muscle and increased mitochondrial density in white adipose
tissue [45]. In all cases, experimental findings point to the insight that the effects of
undernutrition in early life depend not only on the severity of diet restriction but also on the
timepoint and/or the exact stage of life development in which it occurs, both of which can

drastically influence metabolic imprinting or not [46].
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Active adipogenesis in rodents occurs in later pregnancy and continues at weaning [47]. The
hormones leptin and insulin act directly by regulating adiposity via the CNS [48]. Alteration in
the levels of these hormones due to early nutritional imbalance can immediately modulate energy
regulatory circuitry and body adiposity [48]. In this study, low fasting insulin levels and reduced
fat tissue mass were observed in LP rat offspring. Indeed, these animals presented high fasting
glucose levels and glucose intolerance during ivGTT, which can be explained by low insulin
release from isolated pancreatic islets, as also previously reported in early protein-restricted rats
[6, 49]. Interestingly, protein-restricted rats displayed high insulin sensitivity, which has been
suggested to contribute to further development of insulin resistance due to high caloric
abundance [50]. However, as shown here, one important point to highlight is that even on a high-
fat diet, these LP rat offspring maintained high insulin sensitivity as well as high glycaemia.
Furthermore, leptin levels and insulin secretion from isolated islets were increased in response to
high caloric demand, but to a lesser extent than NP/HF. Along these lines, in contrast to LP/HF
rat offspring, NP/HF offspring exhibit high insulin resistance and glucose intolerance associated
with pancreatic beta cell dysfunction after HF intake. Caloric restricted rats during lactation
exhibited beneficial gene expression related to central and peripheral leptin and insulin
sensitivity, which may be involved in a better response to an HF diet [35].

These results suggest that a protein restriction diet during the suckling phase improves tissue
glucose uptake induced by circulating insulin [35]. A protein-free diet during the first 10 days of
lactation leads to higher membrane GLUT-4 expression and an altered insulin signalling
response in adipocytes and muscle cells of adult rats. The high insulin sensitivity of
malnourished animals is probably related to the increase in glucose uptake in these tissues [51,

52]. Accordingly, we propose that GLUT-4 expression in LP rats was programmed to exhibit
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higher levels, which were maintained in adulthood. This would explain their high insulin
sensitivity and the protection of their metabolism from the deleterious effects of an HF diet.

Pancreatic beta cell structure and function in rat offspring are significantly affected by a maternal
low-protein diet [17, 53, 54]. As observed, rats whose dams are fed a low-protein diet during the
first 14 days of lactation are programmed to exhibit beta cell dysfunction associated with
changes in mAChR (low mAChR subtype M3 and high subtype M2) in pancreatic islets and low
vagal activity in adulthood [6, 16]. In contrast, we show in the present study that HF diet-induced
obese rats presented glucose-induced insulin release, which can be explained by high m3AChR
levels in beta cells associated with high parasympathetic activity, as also observed in other obese
rat models [21, 55, 56]. Under HF diet conditions, LP rat offspring had increased glucose-
stimulated insulin secretion. However, this increase was lower than in NP rats. Interestingly,
insulin secretion under the action of ACh, Atr and 4-DAMP was increased in the islets from
LP/HF compared with LP/NF, whereas the insulinotropic effect of MTT was reduced compared
with LP/NF. Indeed, we also observed low adrenergic activity by reduced insulinostatic effects
of Adr and insulinotropic effects of Yoh. Taken together, these findings suggest a modulation of
insulin secretion, which may be caused by changes in the composition of mMAChR and adrenergic
receptors and/or high receptor sensitivity or cellular signalling, associated with an altered ANS
in response to high caloric demand [57]. In fact, LP/HF rats showed an increase in
parasympathetic nervous system (PNS) activity provoked by HF diet consumption, which
contributed to improved insulin secretion under obesogenic conditions. At the same time, we can
observe that these animals were programmed to exhibit elevated activity in the sympathetic
nervous system (SNS), which is consistent with their observed resistance to whole-body fat

accumulation. This resistance to high adiposity may represent a key factor responsible for the
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observed improvements in glucose tolerance and insulin sensitivity. However, the precise
mechanism underlying this increase in sympathetic tone remains unclear at present.

Although the animals appear to be resistant to the development of obesity, little is known about
the mechanisms that underline these alterations and whether the prolonged intake of an HF diet
and/or ageing could lead to beta cell depletion and the development of type 2 diabetes in protein-
restricted rats.

In conclusion, a maternal protein restriction diet during the suckling period in rats protects the
offspring from the development of excessive HF diet-induced obesity by modulating peripheral
insulin sensitivity, pancreatic islet function, and ANS activity even under caloric abundance.
However, it is questionable whether the prolonged consumption of an HF diet in combination
with ageing could drastically affect the metabolism of LP rats. Finally, the nature and range of

the effects of a protein restriction diet during lactation in rats requires further examination.
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619  Table 1 — Effect of a high fat diet consumption on body weight and biochemical parameters of
620  adult animals programmed by protein restriction in lactation.

Parameters NP LP
Body weight (g) at 21 days old 50.34+0.5 22.1+0.550000 Factors

NP/NF NP/HF LP/NF LP/HF LP HF 1

Body weight (g) at 90 days old 368.9+5.2 446.2111.49¢9¢ 282.38.4%## 326142 0eHH# WEAL LALLS ns
Lee index 314.8+1.2 334+2.3 ¢9e® 316+3.4 317.8+1.5%# ** Fkxk *EX
Fasting glycemia (mg/dl) 100.243.7 124.3+2.4 0990 120.8+3.2# 112.6+2.8¢ ns * Ehk
Fasting insulinemia (ng/ml) 0.45:0.04 0.8+0.0699° 0.19:0.04* 0.58£0.119% ok ok ns
Fasting leptinemia (pg/ml) 779.6+201 4776.2+810 ¢9% 601.7+108 2674.24559 ¢ * Ehk *
Total cholesterol (mg/dl) 87.643.85 119.6+3.75 ¢eoe 77.26+1.35% 9542, 68PoweHH Frkx HHkk *
Triglycerides (mg/dI) 66.06£2.89 86.1146.45%¢ 52.71#4.83" 61.9213.28"# s s ns
HDL-cholesterol (mg/dl) 56.25+6.31 66.4+2.82 32.35+2.95# 43.38+5.43* *EEE * ns
LDL-cholesterol (mg/dl) 21.24+1.49 31.29+1.67¢ 44.56+1.72%## 37.88+2.83 WLEL ns FEk
VLDL-cholesterol (mg/dl) 13.21+0.57 15.65%1.19 10.17+0.76* 12.57+0.47% ok *x ns
621
622  All data are expressed as the mean = SEM of 24-30 rats from at least 3 different litters. NP/NF:
623  control offspring fed with normal fat diet; LP/NF: low-protein offspring fed with normal fat diet;
624  NP/HF: control offspring fed with high-fat diet and LP/HF: low-protein offspring fed with high-
625 fat diet. ***?P<0.0001 for Student’s t-test; *P<0.05,P<0.01, **P<0.001,"**P<0.0001 to NP vs
626  LP in the same conditions; ®P<0.05, ¥°P<0.01,%**P<0.001,%*¢*P<0.0001 to NF vs HF in the same
627  group for the probability based on the Tukey’s post hoc analysis. LP, low-protein diet factor; HF,
628  high-fat diet factor; and I, interaction between low-protein and high-fat factors. *P<0.05,
629  **P<0.01, ***P<0.001, ****P<0.0001 and ns, no significant difference, based on a two-way
630  analysis of variance.
631
632
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Figure legends

Figure 1- Body weight gain and caloric intake. Body weight gain (A) and caloric intake (B)
from 21 to 60 days of age; body weight gain (C) and caloric intake (D) from 60 to 90 days of
age. The data are expressed as the means £ SEM and were obtained from 32 rats/4 litters of each
group (A and C) and from 4 experimental group litters (B and D). The inset represents the area
under the curve (AUC). 22P<0.01, @22 2P<(.0001 for Student’s t-test. “P<0.05, ##P<0.0001 for
NP vs LP in the same conditions; *P<0.01, $***P<0.0001 for NF vs HF in the same group based
on Tukey’s post hoc analysis. LP: low-protein diet factor; HF: high-fat diet factor and I: interaction
between LP and HF factors for the probability based on two-way analysis of variance, *P<0.05
and ****P<0.0001. NP: offspring of dams fed a normal-protein diet; LP: offspring of dams fed a

low-protein diet; NF: normal-fat diet and HF: high-fat diet.

Figure 2— White adipose tissue accumulation. Periepididymal (A), retroperitoneal (B) and
mesenteric (C) fat pad stores. The data are expressed as the means £ SEM and were obtained
from 24 rats/3 litters of each group. *P<0.05, #P<0.01 and *##P<0.0001 for NP vs LP in the
same conditions; ***P<0.0001 for NF vs HF in the same group based on Tukey’s post hoc
analysis. LP: low-protein diet factor; HF: high-fat diet factor and I: interaction between LP and HF
factors for the probability based on two-way analysis of variance. **P<0.01, ***P<0.001 and
****p<(0.0001. NP: offspring of dams fed a normal-protein diet; LP: offspring of dams fed a

low-protein diet; NF: normal-fat diet and HF: high-fat diet.

Figure 3— Plasma glucose during ivGTT (A) and Kit (B). The data are expressed as the means

+ SEM and were obtained from 12 rats of each group (from 3 different litters). The inset
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represents the area under the curve (AUC). ¥P<0.05, #P<0.01 and **P<0.0001 for NP vs LP in
the same conditions; °P< 0.01, #*%*P<0.0001 for NF vs HF in the same group based on Tukey’s
post hoc analysis. LP: low-protein diet factor; HF: high-fat diet factor and I: interaction between LP
and HF factors based on two-way analysis of variance. *P<0.05, **P<0.01 and ****P<0.0001.
NP: offspring of dams fed a normal-protein diet; LP: offspring of dams fed a low-protein diet;

NF: normal-fat diet and HF: high-fat diet.

Figure 4— Pancreatic islet insulin secretion. Insulin secretion stimulated by different glucose
concentrations (A). Percentage of insulin secretion stimulated by 8.3 mmol/l glucose and
potentiated by 10 pumol/l ACh (B). Inhibition or activation of the insulinotropic effect of ACh
(8.3 mmol/l glucose + 10 umol/l ACh in the presence of 10 pmol/l neostigmine) by the
nonselective antagonist Atr (10 umol/l) (C), the selective M3 mAChR antagonist 4-DAMP (100
pmol/l) (D)and the selective M2 mAChR antagonist MTT (1 pmol/l) (E). Percentage of insulin
secretion stimulated by 16.7 mmol/l glucose and inhibited by Adr (1 pmol/l) (F); insulin
secretion (16.7 mmol/l glucose and 1 pmol/l Adr) in the presence of Yoh (100 pumol/l) (G). The
line at 0 (B) represents 100% glucose insulinotropic action, (C, D and E) represents 100% ACh
insulinotropic action and (F and G) represents 100% Adr insulinostatic action. The data were
obtained from three different litters of each experimental group. @P<0.05 for Student’s t-test;
*P<0.05, #P<0.01 and **P<0.0001 for NP vs LP in the same conditions; *P<0.05, **P<0.01,
#60p<(.0001 for NF vs HF in the same group based on Tukey’s post hoc analysis. LP: low-
protein diet factor; HF: high-fat diet factor and I. interaction between LP and HF factors based on
two-way analysis of variance. **P<0.01, ***P<0.001 and ****P<0.0001. NP: offspring of dams
fed a normal-protein diet; LP: offspring of dams fed a low-protein diet; NF: normal-fat diet and

HF: high-fat diet.
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Figure 5- Parasympathetic (A) and sympathetic (B) electrical nerve activity. The data are
expressed as the means £ SEM and were obtained from 24 rats/3 litters of each group. Lower
panel graphs are representative records of nerve discharges of each group. @P<0.05 for Student’s
t-test; #P<0.05 for NP vs LP in the same conditions; *P<0.05, ***P<0.001 for NF vs HF in the
same group based on Tukey’s post hoc analysis. LP: low-protein diet factor; HF: high-fat diet
factor and I: interaction between LP and HF factors based on two-way analysis of variance. *P<
0.05, **P< 0.01 and ****P< 0.0001. NP: offspring of dams fed a normal-protein diet; LP:

offspring of dams fed a low-protein diet; NF: normal-fat diet and HF: high-fat diet.
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Figure 3
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Figure 4
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Figure 5
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