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Abstract

Purpose The early-life nutritional environment affects long-term glucose homeostasis, we investigated the effects of
maternal low-protein diet combined with postnatal early overfeeding on the male offspring’s glucose homeostasis in
adulthood.

Methods Only male rats were used, and their delivery was considered postnatal-day 0 (PNO). Wistar rats’ dams were
divided into control (NP) or low-protein diet (LP). LP dams remained on the diet until PN14, after which all animals were
supplied with the control diet. At PN2, litters were adjusted to 9 (control-NL) or 3 (postnatal-overfeeding-PO) pups,
resulting in four experimental groups: NP-NL, NP-PO, LP-NL, and LP-PO. Litters were weaned on PN21. At PN80, a batch
of animals from all experimental groups underwent surgery for cannula implantation, followed by intravenous glucose
tolerance test (ivGTT), but the insulinogenic index (ISI) was calculated. At PN81, animals were euthanized and tissues were
collected.

Results LP-diet and early postnatal-overfeeding were effective in promoting the expected biometric outcomes at PN21 and
PNS81, but the LP-PO animals present a biometric profile similar to the control (NP-NL) group. Postnatal-overfeeding
increased fasting glycemia in LP-PO animals (p <0.01). In the ivGTT, postnatal-overfeeding elevated the glycemia (p <
0.0001), exacerbated in LP-PO animals (p <0.0001). Insulinemia was reduced by both, maternal LP-diet and postnatal-
overfeeding, with a higher degree of reduction in LP-PO animals (p <0.0001). Maternal LP-diet and postnatal-overfeeding
reduced the ISI (p <0.0001). Factors interaction lead the LP-PO to a lower ISI compared to all other groups (p <0.0001).
Conclusions The combination of low-protein diet in breastfeeding dams with postnatal overfeeding disturbed the offspring’s
glucose metabolism in adulthood.

Keywords DOHaD - Maternal diet * Early postnatal overfeeding - Metabolic programming * Glucose homeostasis

Introduction

The current prevalence of non-communicable diseases, such
as diabetes and obesity, have an overwhelming impact on
the health of the population and on the demands on Public
Health Systems across the globe. The Developmental Ori-
gins of Health and Disease (DOHaD) concept helps us to
better understand the current situation, as epidemiological
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fetal and infant growth and later life impaired glucose tol-
erance in adulthood [2].

The postnatal early life plays a critical role for the
determination of the metabolic health later in life, and the
nutrition of mothers and their offspring during the lactation
period has long-term effects on the latter’s metabolism.
Perinatal and infancy undernutrition is still a major public
health concern, mainly for developing countries, where
many of the newborns and infants are exposed to famine
and malnutrition that leads to health risks, such as brain
damage and insulin resistance, and other illnesses not all
completely understood, and in extreme cases, to precocious
death [3]. Additionally, experimental research has shown
that undernutrition during the suckling phase impairs glu-
cose homeostasis and autonomic nervous system function in
the adult life [4]. Malnutrition during the early stages of
lactation is reported to cause hypoinsulinemia and f-cell
malfunction, and the administration of a poor protein diet to
lactating dams during the first two-thirds of the lactation is
an alternative experimental model to study early-life
undernourishment during lactation and its lasting meta-
bolic outcomes [5, 6].

On the other hand, obesity rates have increased in dif-
ferent population cohorts, including women of fertile age
and children [7]. Early-life overnutrition, in turn, is asso-
ciated with later hyperphagia, increased body weight (bw)
and fat accumulation, and basal hyperinsulinemia [8].
Rodents’ litter size reduction is a well-established experi-
mental model to study early-life rapid weight gain by
overnutrition and its metabolic consequences, which has
been shown to induce animals, in later life, to overweight,
hyperinsulinemia, and metabolic syndrome [9].

Although not all completely understood, it has been
demonstrated that the mechanisms underlying how the early
nutrition impacts long-term metabolism, especially the
glucose homeostasis, are potentially based on closely rela-
ted, nevertheless distinct, developmental pathways. The
evidences suggests that gestational and early postnatal
undernutrition will have greater implications for the off-
spring’s metabolism, mainly when they face an energy-rich
environment in later life. The mismatched conditions to the
poor nutritional environment in early life create a situation
in which the organism, metabolically “programmed” to
cope with low food availability, fails to properly adapt to
the energy-rich environment. On the contrary, the perinatal
overnutrition developmental pathway seems to be related to
alterations in the adipogenesis and/or eating behavior and
appetite control, which creates the conditions for later
chronic eating, obesity, and its pathophysiological con-
sequences [10].

Notwithstanding the knowledge of the mechanisms that
operates in early-life metabolic programming, there is still a
need to better understand the possible consequences of

perinatal nutritional challenges in different food environ-
ments. Epidemiological studies have shown high incidence
levels of poor-quality diet in the very early food environ-
ment. Moreover, a significant association exists between
food insecurity without hunger and altered bw in young
children, even in developed countries [11, 12], which cor-
roborated by the socioeconomic disparities in food quality
driven by the elevated costs of healthier diets [13], con-
tributes to an elevated consumption of a poor-quality diet in
early life, especially for low-income families. Therefore, the
elucidation of the consequences of different patterns of
early-life nutrition on long-term health remains a major
target for scientific research.

As demonstrated by studies that compared humans who
were breastfed at infancy vs. those who were formula-fed,
the long-term effects may depend on the quality and quantity
of the neonatal nutrition [1]. The paradoxical relationship
between food quality and quantity during early life, which
seems to be often overlooked in experimental studies, may
have lasting implications for the individuals’ future meta-
bolical health. Although both experimental models, perinatal
undernutrition and early overnutrition, have been important
to elucidate the metabolic programming mechanisms and
their long-term consequences, they seem not to properly
address the metabolic response from an early environment
nutritional “quality vs. quantity” perspective.

We hypothesize that a poor-quality diet offered in large
quantity during the suckling period may have a lasting
impact on the individuals’ glucose homeostasis. In this
study, we combined a maternal low-protein diet with early
postnatal overfeeding to investigate the effects of a poor-
quality—large-quantity diet during the lactation period on the
male offspring’s later-life glucose homeostasis.

Methods

All the experimental protocols conducted in the present
study comply with the Brazilian Association for Animal
Experimentation guidelines and with Brazilian Federal Law.
All applicable international, national, and/or institutional
guidelines for the care and use of animals were followed.

Animals and diet

Wistar rats were obtained from the Central Animals Facility
—Maringa State University, and housed and maintained in
a sectorial laboratory animals house under standard condi-
tions of light (12-h dark/12-h light cycle) and temperature
(22° £2°C), with ad libitum access to standard chow and
water. After an adaptation period of 5 days, the animals
were placed in cages to mate, in a proportion of 3 females to
1 male, for 10 days. The breeding period was followed by
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Table 1 Composition of the control and low-protein diets

Diet components Control diet Low-protein diet

gkg™! kKIkg!  gkg™! kI kg™
Sucrose 127.2 2.129 200.0 3.347
Cornstarch 527.5 8.828 642.5 10.753
Casein (88% protein) 233.3 3.905 45.5 0.761
Mix of mineral salts® 32.0 - 32.0 -
Mix of vitamins® 16.0 - 16.0 -
Soybean oil 48.0 1.807 48.0 1.807
Fish oil 16.0 0.602 16.0 0.602
Total 1000.0 17.272 1000.0 17.272

*The mineral salts and vitamins mixture that was used in the
manufactured diet followed the AIN-93 recommendation

The dietary component values are presented as g kg~' of diet and the
energy in kJ kg’1

Control Diet

Birth PNO Weaning Experiments

1
I’.\IOZ PN14 PN21 PN81
Litter Adjust - NL or PO

LP Diet
Birth PNO Weaning Experiments
——r N
I

1 I 1
PN14 PN21 PN8I

PNO2
Litter Adjust - NL or PO

Em Control diet [ Low-protein diet

Fig. 1 Experimental model timeline: Delivery was considered PNO,
when the diet—NP (normal protein—control) or LP (low-protein)
were introduced. At PN2, litters from both diet dams were adjusted to
either nine pups for normal litters (NL) or three pups for postnatal-
overfeeding (PO) groups. The LP group of dams was maintained on
this diet for the first 2 weeks (14 days) of the lactation period, and then
switched to standard chow in the last week of lactation. The four
groups’ litters were weaned on PN21 and maintained on commercial
chow (Nuvital®, Curitiba/PR, Brazil) until PN81, when the experi-
ments were conducted

pregnant females’ isolation until natural delivery, which
was considered the postnatal-day O (PNO). On PNO, the
dams were randomly assigned into two groups, the first
group was supplied with a control balanced diet (normal
protein—NP—23.3% of protein), while the second group
was supplied with a low-protein (LP—4.5% of protein)
isocaloric diet (Table 1). The other components of the
normal and low-protein diets, such as the mixtures of
vitamins and salts, followed the recommendations of the
AIN-93 for laboratory rodents [14, 15]. The LP group of
dams was maintained on this diet for the first 2 weeks
(14 days) of the lactation period, and then switched to
standard chow in the last week of lactation [5]. At PN2,
litter sizes were adjusted to either nine pups for normal
litters (NL) or three pups for postnatal-overfeeding (PO)
groups (Fig. 1). Therefore, the experiments consisted of
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four groups: normal protein diet—normal litter (NP-NL),
normal protein diet—postnatal overfeeding (NP-PO), low-
protein diet—normal litter (LP-NL), and low-protein diet—
postnatal overfeeding (LP-PO). The total number of dams
used in this study were six dams for NP-NL and LP-NL;
and eight dams for the NP-PO and LP-PO groups. Only
male pups were used and cross-fostering (between same diet
dams) was made to complete the number of male pups for
the normal litters on PN2 when needed.

Food intake

The dams’ food intake was monitored and estimated during
the lactation period (PNO-PN21). The four groups’ litters
were weaned on PN21 by placing three animals per cage
and maintaining them on commercial chow (Nuvital®,
Curitiba/PR, Brazil). Spillage was not measured and an
estimate of food intake (Fi) per rat per day was calculated
by determining the difference between the amount of chow
remaining (Df) and the total amount of food that was pre-
viously placed in the cage (Di). The food consumption was
assessed weekly. Food intake (Fi) values were calculated as
the difference between the amount of food remaining (final
diet, Df) and the total food available (initial diet, Di),
divided by the number of days and the number of rats in the
cages: (Fi (g) =Df-Di/7/1 for the lactation period; and, Fi
(g) = Df-Di/7/3 for the rats after weaning). The area under
the curve (AUC) for the food consumption vs. time was
calculated for the entire observation period: PNO—PN21 for
the dams and PN21-PN8O for the offspring.

Biometric measurements

To assess the effects of the LP diet and litter size manipulation
during the suckling phase, maternal food intake was estimated
(as described) and bw was monitored during the lactation
phase; data are presented as the AUC values for the period
PNO to PN21. In addition, the bw of the litters was also
assessed at weaning (PN21). At PN81, after an overnight fast,
a batch of animals from all groups (n =17 from 6 litters for
NP-NL; n = 10 from 4 litters for NP-PO, n = 10 from 4 litters
for LP-NL; and n = 11 from 4 litters for LP-PO group), which
had not undergone surgery, were weighed and euthanized via
quick decapitation. Fat from the periepididymal pads was
dissected and weighed, the value was correlated with the bw
of each rat, and was calculated as g/100 kg bw.

Fasting glycemia and fasting insulinemia
assessments, intravenous glucose tolerance test
(ivGTT), and insulinogenic index (ISI) calculation

On PN80, a batch of animals from all groups (n =12 ani-
mals per group, from 4 different litters) were anesthetized
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using a ketamine and xylazine (3 and 0.6 ml/kg of bw)
solution, prior to the surgical implantation of a silicone
cannula into the right jugular vein, attached to the dorsal
region of the neck. The animals were given a day for
recovery from surgery. At PN81, after an overnight fast, the
animals received a glucose infusion (1 g/kg of bw) through
the cannula, followed by blood samples collected via a
cannula. The first sample was collected immediately before
the glucose infusion (time 0’), and was used for fasting
glucose and fasting insulin assessment. Glucose infusion
was then followed by blood samples collection at 5, 15, 30,
and 60 min after infusion. The samples were centrifuged
and the plasma was collected. Blood glucose concentration
was determined using the glucose oxidase method [16] with
a commercial kit (Gold Analisa®, Belo Horizonte, Brazil).
To determine the insulin levels, the radioimmunoassay
method was used coupled to a gamma counter (Wizard?
Automatic Gamma Counter-2470, PerkinElmer, Shelton,
CT, USA) as previously described [14]. The intra-assay and
inter-assay coefficients of variation for insulin were 4.25
and 7.30, respectively, and the limit of detection was
1.03 pmol 1", The ISI (defined as the increment of the
insulin (AMl)/increment of glucose (AG) in the IVGTT) was
calculated by dividing the increase of plasma insulin con-
centration (A Insulin) after glucose infusion relative to the
fasting plasma insulin concentration (time 0") by the cor-
responding increase of blood glucose concentration (A
Glucose) during the glucose tolerance tests [17, 18].

Periepididymal fat pad (g/100 g of

bw)
0.64 +0.02B¢

0.92 +0.064CP
0.49 +0.024BP
0.64 +0.04B¢
p<0.0001
p<0.0001

ns

Final body weight
(€9)

362.90 +7.134CP
279.50 + 3.424B
304.60 + 4.46°

328.02 + 8.475€
p<0.001

ns

p<0.0001
8; the offsprings’ n are NP-NL = 17 (6 litters); NP-PO = 10 (6 litters); LP-NL

AUC food intake (21-81 days

old)
51,135 + 10875¢

59,514 + 1006*°P
43,274 £ 312148
49,248 + 17078
p<0.01
p<0.001
ns

6, and LP-PO

Statistical analysis

The results are given as mean + SEM. The data were sub-
jected to the D’Agostino-Pearson normality test and then
analyzed by two-way ANOVA (source of variation factors:
maternal diet and litter size) followed by Tukey’s multiple
comparisons post test. Mean differences were considered
statistically significant at p <0.05. Data analyses were per-
formed using GraphPad Prism v6.01 (GraphPad Software
Inc., San Diego, CA, USA).

Litters” body weight

PN21 (g)

6, NP-PO = 8, LP-NL
10 (4 litters); and LP-PO = 11 (4 litters). Maternal diet and litter size (postnatal early overfeeding) were considered as the source of variation factors, p-value (<0.05) indicates significant effect

65.8 +4.89AP
and ns indicates not significant effect. Letters (A, B, C, and D) indicate the post-test results when the difference among groups was significant (p < 0.05)

19.6 +2.14BP
35.1+3.118€
p<0.0001
p<0.0001

42.4+2.78€
ns

Dams AUC-BW
(PNO-PN21)
6074 + 132B¢P
5426 + 1274¢P
4518 £ 11248
4626 + 108"B
p<0.0001
p<0.05

p<0.01

Results

Both the LP diet and litter size reduction decreased food
intake (LP diet p <0.0001; litter size p <0.0001) and bw
development (LP diet p <0.0001; litter size p <0.05) of
dams during the suckling phase (Table 2). As the bw at
weaning (PN21, Table 2) shows the maternal LP diet during
lactation reduced the litters’ bw (p <0.0001), while reduc-
tion in the litter size increased bw (p <0.0001). The post test
shows no significant difference between the control (NP-
NL) and the LP-PO rats’ bw at weaning. As indicated by the
AUC for the food intake after weaning (Table 2), the

Dams AUC-Fi
(PNO-PN21)
5723 +1178¢P
3522 + 113ACP
2310+ 2168
2351 = 12948
p<0.0001

Table 2 The effects of low-protein diet and litter size reduction in the dams estimated food intake (AUC) and body weight evolution (AUC) during the lactation period (PNO-PN21); and the effect
of maternal (low-protein) diet and postnatal early overfeeding in the litters’ body weight at weaning (PN21); estimated food intake from PN21 to PN80; body weight and periepididymal fat
p<0.0001

The values are presented as the mean + SEM. The n of dams are NP-NL

accumulation at PN81
Maternal diet p <0.0001

NP-NL*
NP-POP
LP-NL®
LP-POP
Litter size
Interaction
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Table 3 The effects of the maternal (low-protein) diet and early postnatal overfeeding (by litter size) in the glycemic homeostasis of male adult rats

A Glycemia (mM) A Insulinemia (pmolM) Insulinogenic index (AI/AG)

277.50 + 14.208¢P
413.00 £22.704P

105,850 + 45378€P
47,039 +25064CP

400.90 + 8.548¢P
130.60 +9.074°P

(PN81)
Fasting glycemia Fasting insulinemia
(mmol/L) (pmol/L)

NP-NLA 6.438 £0.3211 831.500 + 68.655¢

NP-POB 6.427+0.3017 1148.333 +31.64CP

LP-NLC 5.505 +0.2380° 591.333 +70.784B

LP-POP 7.373+0.2828 € 740.667 +51.138

Maternal diet ns p<0.0001

Litter size p<0.01 p<0.001

Interaction p<0.01 ns

393.80+27.74%0 65,639 +41584BP 182.40 + 5.354BD
558.50 +26.9448€ 28 723 + 2642ABC 56.14 + 5.42A8€
p<0.0001 p<0.0001 p <0.0001
p<0.0001 p<0.0001 p<0.0001
p<0.05 p<0.0001

The values are presented as the mean + SEM. n = 12 rats per group from four different litters. Maternal diet and litter size were considered as the
source of variation factors, p-value (<0.05) indicates significant effect, and ns indicates not significant effect. Letters (A, B, C, and D) indicate the
post-test results when the difference among groups was significant (p <0.05)

maternal low-protein diet significantly reduced the off-
spring’s food consumption (p <0.01), while the postnatal
overfeeding increased the litters’ food intake (p <0.001),
but no significant interaction was observed. Bw at PNS§1
was reduced by the low-protein diet (p <0.001) and was
increased by postnatal overfeeding (p <0.0001). Periepidi-
dymal fat accumulation at PN81 showed a similar pattern,
i.e., it was reduced by the low-protein diet (p < 0.0001) and
increased by postnatal overfeeding (p <0.0001). The bio-
metric characteristics of the NP-NL control group and the
LP-PO rats were not significantly different on adult life
(Table 2).

Table 3 shows that although fasting glycemia at PN81
was not significantly affected by the maternal low-protein
diet, postnatal overfeeding had a significant effect (p <
0.01). Only the LP-PO animals showed elevated glycemia
(p<0.01), reflecting a significant interaction between
maternal diet and litter size (p <0.01). Fasting insulinemia
was reduced by maternal low-protein diet (p <0.0001) and
increased by postnatal overfeeding (p <0.001), but there
was no significant interaction between maternal diet and
litter size. The ISI was reduced by both the maternal low-
protein diet (p<0.0001) and postnatal overfeeding (p <
0.0001), with a strong interaction among factors (p<
0.0001), which resulted in a lower ISI in LP-PO animals
compared with that in all the other groups (Table 3).

Figure 2a shows the results of the ivGTT test, which
consist of the glycemia pattern within 60 min of glucose
infusion (time 0’). The maternal low-protein diet affected
the AUC of glycemia (p<0.0001) in a group-dependent
way. Early overfeeding increased the AUC of glycemia (p
<0.0001), which was exacerbated in LP-PO animals (p <
0.0001), reflecting a significant interaction between mater-
nal diet and litter size factors (p <0.0001) (Fig. 2b).

Figure 3a shows the insulinemia behavior during the
ivGTT test. The maternal low-protein diet reduced the AUC
of insulinemia (p < 0.0001). Early overfeeding also reduced
the AUC of insulinemia (p <0.0001). This pattern was more
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evident in LP-PO animals (p <0.0001), reflecting a sig-
nificant interaction between maternal diet and litter size
factors (p <0.0001) (Fig. 3b).

Discussion

This study shows that different nutritional disturbances
during the suckling phase, whether or not they are com-
bined, may affect the long-term outcomes of the offspring’s
glucose metabolism, depending on the diet composition
(quality) and availability (quantity). Moreover, this, to our
knowledge, is the first study to show that the combination of
a maternal low-protein diet with increased milk availability,
which resembles a poor diet provided at a large quantity
during lactation, severely impairs the offspring’s glucose
homeostasis in adult life, even though it did not necessarily
result in an obese profile.

Maternal bw and food consumption during the lactation,
as with the litters” bw at weaning (Table 2) shows that both
regimens, LP maternal diet and postnatal early overfeeding,
were effective in promoting the expected biometric effects.
The rats from undernourished dams presented lower bw at
weaning, while the postnatal overfed animals were obese at
the same age, as previously observed [19, 20]. Interestingly,
although the combination of LP diet and litter size reduction
affected LP-PO dams’ food intake and bw changes, the LP-
PO offspring exhibited a bw, similar to the control (NP-NL)
group.

The bw patterns observed at PN21 were maintained in
adult life (PN81, Table 2). The offspring of malnourished
breastfeeding mothers, when not in a mismatched envir-
onment, has been reported to feed less, weigh less, and
accumulate less fat [21]. An opposite phenotype has been
observed in early postnatal-overfeeding rats, which are
commonly hyperphagic, overweight, and accumulate more
fat than those reared on normal litters [19]. Accordingly, in
our study, we observed that each of these early-life
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Fig. 2 a Blood glucose levels during the ivGTT at PN81. Data are
presented as the mean + SEM for the glycemia assessment (n = 12 per
group, from four different litters). b Area under the curve for glycemia

nutritional treatments, i.e., maternal low-protein diet and
postnatal early overfeeding, were able to influence the food
consumption on offspring throughout life, affecting bw and
fat accumulation of young adult rats.

It is worth noting that the combination of treatments led
to animals with a biometric profile similar to the control
group in adult life, as the estimated food consumption or the
biometric measures of the LP-PO group did not differ with
the control group (NP-NL). Interestingly, although obesity
is strongly predictive for cardiovascular risk in men with
metabolic syndrome, undetected type 2 diabetes is more
prevalent among those men whose metabolic syndrome was
not associated with obesity [22]. This indicates that
although obesity is often related to the metabolic pro-
gramming of impairment for glucose homeostasis, there are
metabolic effects, especially those related to glucose
homeostasis, that occur even without obesity.

Offspring from prenatally undernourished dams and
those that are exposed to postnatal early overfeeding by
reduced litter size have been reported to be hyperphagic
when compared with postnatally overfed rats from control
dams [23], showing that the control of food consumption
may be affected by both, prenatal and postnatal environ-
ments, mainly under mismatched conditions. In the present
study, a large quantity of the low-protein food offered
during the lactation period did not result in hyperphagia in
the LP-PO group. Considering this result, we suggest that
food quality may also play a role in the development of the
mechanisms that control food satiety, aside from early food
intake. A possible mechanism underlying the long-term
control of food intake observed in the LP-PO group may
include the increased availability of milk with a lower leptin
concentration. An elegant study using malnourished dams
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Maternal Diet p<0.0001
Litter Size p<0.0001
Interaction p<0.0001

in ivGTT: source of variations—maternal diet and litter size; post-test
differences among groups are presented as the level of significance
(when p <0.05) inside the figure

in a cross-fostering model showed that maternal low-protein
diet decreased milk leptin concentration, which was asso-
ciated with the offspring’s reduced plasma leptin levels
throughout lactation [24]. Leptin is an adipokine known for
its role in the regulation of food intake, among other pro-
cesses during development, and its presence in breastmilk
affects infant food intake and developmental neuror-
egulatory appetite systems [25].

Reusens and Remacle have pointed out that although
there is a diversity of clues regarding the role of the peri-
natal environment in programming the endocrine pancreas,
there is no unifying hypothesis that can explain why it is
likely that different pathways can lead to the same later
effects, i.e., impaired beta-cell function and diabetes [26]. In
this study, although the postnatal overfeeding affected the
fasting glycemia (Table 3), we did not observe differences
in this parameter, except between the LP-NL and LP-PO
groups, while basal insulinemia was elevated in PO off-
spring when compared with their respective controls.
Ravelli and colleagues have shown that bottle-feeding
babies are more susceptible to impaired glucose metabolism
than those exclusively breastfed in the first week of life,
suggesting that the quality of infant feeding is a determinant
to glucose homeostasis in later life [27].

Undernourished offspring secretes lower levels of insulin
that does not correspond to the glucose levels; nevertheless,
these animals show high tissue insulin-sensitivity and they
are able to maintain the glycemia homeostasis [4]. Not-
withstanding, the present results for glycemia during the
ivGTT show that the combination of low-quality food at
high quantities during lactation exacerbated glucose intol-
erance in the LP-PO group. Notably, the LP-PO animals,
when faced with a glucose challenge, presented with higher
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Fig. 3 a Blood insulin levels during the ivGTT at PN81. Data are
presented as the mean + SEM for the insulinemia assessment (n = 12
per group, from four different litters). b Area under the curve for

values for glycemia, accompanied by significantly lower
insulin secretion compared with any other group. The ISI is
a reliable index for beta-cell function; it is able to distin-
guish among subjects with different degrees of glucose
intolerance [18]. In our study, both the maternal LP diet and
postnatal overfeeding led to a reduced ISI value. However,
as indicated by the ANOVA, the interaction (Table 3)
between poor food quality with high availability in the diet
leads to lower ISI values in LP-PO animals.

The current study shows that breastfeeding from an
undernourished dam in larger quantities has deleterious
effects later in life for the offspring’s glucose metabolism.
Although there is a lack of data regarding the quality of
breastmilk, the literature shows that changes in milk com-
position may be a possible mechanism to explain the results
observed in this study, as the protein content in the maternal
diet has a potential to modify the developing regulatory
systems of the offspring [28]. A recent study shows that a
maternal low-protein diet is related to altered plasma amino
acid levels in weaning rats [29]. Moreover, milk from
undernourished dams is associated with a decrease in free
amino acids with a lasting effect on the offspring’s low
insulin secretion [30]. Additionally, it has been shown that
exclusively breastfed infants may develop excessive weight
gain that appears to depend on inter-individual variations in
the composition of the mother’s milk [31], which, in light of
the present results, reinforce the importance of maternal diet
during the suckling period on the offspring’s long-term
metabolism.

In conclusion, we have shown that although the combi-
nation of maternal low-protein diet with postnatal over-
feeding during lactation did not lead to an obese phenotype,
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v

p<0.0001

64 p<0.0001
p<0.0001

AUC Insulinemia ivGTT
E N

N

NP+NL NP+PO LP+NL LP+PO

Maternal Diet p<0.0001
Litter Size p<0.0001
Interaction p<0.0001

insulinemia in ivGTT: source of variations—maternal diet and litter
size; post-test differences among groups are presented as the level of
significance (when p < 0.05) inside the figure

glucose homeostasis in young adult offspring became
severely impaired. Further studies will be needed to better
understand the mechanisms underlying the role of quality
vs. quantity of food consumption in early life on metabolic
programming. Nevertheless, the disrupted glucose metabo-
lism that was programmed by low-quality and high-quantity
milk feeding during lactation may play an important role in
metabolic disorders observed in different adult cohorts.
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