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Implementation of a healthy diet to lactating rats attenuates the early detrimental
programming effects in the offspring born to obese dams. Putative relationship
with milk hormone levels
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Abstract

Lactation is a critical period of development and alterations in milk composition due to maternal diet or status may affect infant growth. We aimed to
evaluate in rats whether improving maternal nutrition during lactation attenuates early imprinted adverse metabolic effects in the offspring born to obese
dams. Three groups were studied: Control (C) dams, fed with standard diet; Western diet (WD) dams, fed with WD 1 month prior to gestation and during
gestation and lactation; and Reversion (Rev) dams, fed as WD-dams, but moved to a standard diet during lactation. Macronutrient content, insulin, leptin
and adiponectin levels were determined in milk. Phenotypic traits and circulating parameters in dams and their offspring were determined throughout
lactation. Results showed that, at weaning, WD-dams displayed lower body weight and greater plasma insulin and non-esterified fatty acids levels than
C-dams, and signs of hepatic steatosis. Milk from WD-dams showed lower protein content and insulin, leptin, and adiponectin levels during the entire or
the late lactation. Rev-dams retained excess body fat content, but milk composition and most circulating parameters were not different from controls at late
lactation and showed higher leptin mRNA levels in mammary gland than WD-dams. The offspring of WD-dams, but not that of Rev-dams, displayed higher
body weight, adiposity, and circulating leptin and glucose levels than controls at weaning. In conclusion, dietary improvement during lactation prevents
early adverse effects in offspring associated with maternal intake of an obesogenic diet, that may be related with the normalization of milk hormone levels.
© 2022 The Author(s). Published by Elsevier Inc.
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1. Introduction

Fetal and early postnatal life represent critical windows of de-
velopment in which environmental conditions may have a pro-
found influence on physiological functions and risk of diseases in
adult life, such as obesity, type 2 diabetes, and cardiovascular dis-
eases [1,2]. Besides the known adverse effects of undernutrition
during fetal life, which initially supported the concept of devel-
opmental origins of health and disease [3,4], cumulative evidence,
mainly from animal studies, also show that overnutrition during
both gestation and lactation periods increases the prevalence of
obesity and related alterations in adulthood [5-8].

Lactation is a critical period of major relevance in the pro-
gramming of metabolic-related diseases. In humans, a rapid weight
gain during this period has been shown to predispose to a dis-
torted metabolic phenotype in later life, with increased risk of
overweight, central adiposity and insulin resistance [9,10]. Studies
conducted in animal models have also shown that maternal obe-
sity and/or exposure to an obesogenic diet during lactation may
affect postnatal development of the offspring, predisposing them
to metabolic syndrome and related alterations [11-13]. Conversely,
improved nutrition during this period may mitigate some of the
adverse effects caused by an obesogenic environment during gesta-
tion on food preferences and susceptibility to diet-induced obesity
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[14,15]. However, studies that discriminate between the adverse
effects of maternal overnutrition and maternal obesity are scarce
[15]. Considering that both conditions are usually associated, but
not always, it is of interest to discern their programming effects, as
well as to find out whether the effects induced by maternal obe-
sity and/or an unbalanced diet during gestation could be reversed
or attenuated through an improvement in the maternal diet dur-
ing lactation. This could be of relevance to improve the health of
future generations.

Breast milk is largely recognized as the best source of nutrition
for infants during lactation, as it contains, besides macro and mi-
cronutrients, a large range of bioactive components that may in-
fluence infant growth and development [16]. However, the com-
position of breast milk is not uniform, and many factors, such as
maternal metabolic state and dietary inputs may affect its compo-
sition and compromise infant health [15,17,18]. We have previously
described that maternal consumption of a cafeteria diet during lac-
tation produces lasting effects in the metabolic health of their off-
spring, which are associated with changes in milk macronutrient
composition [12]. Furthermore, using another model of cafeteria
diet-induced obesity, in which cafeteria diet was removed during
gestation and lactation (post-cafeteria model), maternal diet, rather
than maternal obesity itself, was shown to have a main influence
on milk triacylglycerol (TG) profile [19]. Maternal diet and/or ma-
ternal status may also entail changes in endogenous synthesized
metabolic hormones and these alterations may have an impact on
infant development [20]. Among these hormones, there is evidence
of the role of leptin ingested during lactation in metabolic pro-
gramming, as deduced from intervention studies in animal mod-
els [21-23] and observational studies in humans [23-25], but the
role of other milk hormones, such as insulin and adiponectin has
been, so far, less explored. The study of the impact of maternal
obesity and maternal exposure to an unbalanced diet on the con-
tent of these hormones in milk, as well as the possible contribu-
tion of alterations in their levels to the adverse effects on the de-
velopment of the offspring, could shed light on its potential role in
breast milk.

Therefore, in the present study, we aim to evaluate the effects
of dietary improvement during lactation in diet-induced obese rats
on milk macronutrient composition and the concentration of se-
lected metabolic hormones present in milk, and the effects in the
offspring development and growth during lactation.

2. Material and methods
2.1. Animals and experimental design

The animal protocol carried out in this study was reviewed and approved by the
Bioethical Committee of the University of the Balearic Islands (Exp. 2018/13/AEXP,
January 23, 2019) and measures for the use and care of laboratory animals of the
University were followed.

The study was done using 27 litters as described below. Virgin female Wis-
tar rats housed at controlled temperature (22°C), with a 12-hour light-dark pe-
riod and with free access to food and water, were fed with a standard chow diet
(SD; 3.3 kcaleg™, with 8.4% calories from fat, 72.4% from carbohydrates and 19.3%
from protein; Safe, Augy, France) (control-dams, C-dams) or a high-fat and high-
sucrose diet (Western diet, WD; 4.7 kcalsg™!, with 40.0% calories from fat, 43.0%
from carbohydrates and 17.0% from proteins; Research Diets, New Brunswick, NJ,
USA) for 1 month prior to being bred with male rats (this period was referred as
pre-gestation). The nutritional composition of both commercial diets is provided
in Supplementary Table 1. Pregnant dams were housed individually and contin-
ued with their assigned diets during gestation period. At postnatal day (PND) 1,
litters were equated to 10 pups per dam, five males and five females when possi-
ble. Throughout lactation, C-dams continued with SD (n=8), but dams fed with WD
either continued with WD diet (WD-dams, n=9) or were exposed to SD during this
period (Reversion dams, Rev-dams; n=10). A scheme of the experimental design is
represented in Supplementary Figure 1.

Body weight of dams and of their offspring was recorded daily during the suck-
ling period. At three time points of lactation (lactation day (LD) 5, LD10 and LD15),

milk and plasma samples from dams were collected. For this, dams were separated
from their pups for 2-3 hours. Then, blood samples were collected from the saphe-
nous vein and plasma was obtained by centrifugation (1000 g). For milk extrac-
tion, 4 IU kg~! of body weight of oxitocin (Facilpart, Laboratory syva s.a.u, Ledn,
Espafia) was administered intraperitoneally to dams for milk extraction and dams
were anesthetized using isoflurane (IsoFlo, Abbott Laboratories Ltd., North Chicago,
IL, USA), and subsequently were kept anesthetized. Milk was extracted manually
from all teats. At PND10 and 15, and at weaning (PND21), a blood sample was col-
lected in a capillary from the end of the tail of the pups. Plasma was obtained as
above described, and samples of the same litter and sex were pooled. Plasma and
milk samples were stored at —80°C until further analysis.

Dams were killed by decapitation at LD21 (at weaning) during the first 2-hour
at the beginning of the light cycle. Maternal tissues were rapidly removed and
frozen in liquid nitrogen and stored at -80°C until analysis.

2.2. Maternal liver histological analysis

Maternal liver samples were fixed by immersion in 4% paraformaldehyde in 0.1
M sodium phosphate buffer (pH 7.4) overnight at 4°C. Then, they were washed in
phosphate buffer, dehydrated in a graded series of ethanol, cleared in xylene and
embedded in paraffin blocks. Five-micrometer-thick sections of tissues were cut
with a microtome and mounted on slides. For histological analysis, liver sections
were classified into four grades depending on fat accumulation following Burnt
et al. classification [26]: grade 0 was assigned when there was no fat accumulation;
grade 1 when fat vacuoles were observed in less than 33% of hepatocytes; grade 2
when 33-66% of hepatocytes contained fat vacuoles; and grade 3 when they were
found in more than 66% of hepatocytes.

2.3. Analysis of blood parameters

Accu-Chek Glucometer (Roche Diagnostics, Barcelona, Spain) was used to mea-
sure blood glucose concentration. Enzyme-linked immunosorbent assay kits were
used for the quantification of insulin (Mercodia AB, Uppsala, Sweden), leptin and
adiponectin (R&D Systems, Minneapolis, MN, USA). Enzymatic colorimetric kits
were used for the quantification of plasma non esterified (or free) fatty acids (NEFA)
(Wako Chemicals GmbH, Neuss, Germany) and TG (Quimica Clinica Aplicada, Tar-
ragona, Spain) levels.

2.4. Analysis of milk composition

Milk samples were analyzed for lactose, total protein, TG, leptin, adiponectin
and insulin concentration. Lactose concentration was determined by a commercial
colorimetric method (Biovision, Milpitas, CA, USA). Total milk protein concentra-
tion was measured by the Pierce BCA Protein Assay Kit (Thermhofisher Scientific,
Madrid, Spain). For the determination of milk TG levels, lipids were first extracted
as previously described [27] and then TG levels were quantified using a commercial
kit (Quimica Clinica Aplicada, Tarragona, Spain). Enzyme-linked immunosorbent as-
say kits were used as described above for the quantification of insulin, leptin, and
adiponectin.

2.5. RNA Extraction and real-time quantitative RT-PCR analysis

Real-time polymerase chain reaction was used to measure leptin mRNA ex-
pression levels in maternal mammary gland and retroperitoneal white adipose tis-
sue (r'WAT). Total RNA was extracted using the Tripure Reagent (Roche Diagnostic
Gmbh, Mannheim, Germany) according to the manufacturer’s instructions. Isolated
RNA was quantified using the NanoDrop ND-1000 spectrophotometer (NadroDrop
Technologies Wilmington, DE, USA). Its integrity was confirmed using agarose gel
electrophoresis.

Real-time polymerase chain reaction was used to measure mRNA expression
levels of leptin. Total RNA (0.25 pg, in a final volume of 5uL) was denatured at
65°C for 10 minutes and then reverse transcribed to cDNA using MulV reverse
transcriptase (Applied Biosystem, Madrid, Spain) at 20°C for 15 minutes, 42°C for
30 minutes, with a final step of 5 minutes at 95°C in an Applied Biosystems 2720
Thermal Cycler (Applied Biosystem, Madrid, Spain). Each PCR was performed from
diluted cDNA template, forward and reverse primers (5 uM each), and Power SYBER
Green PCR Master Mix (Applied Biosystems, CA, USA). Real-time PCR was performed
using the Applied Biosystems StepOnePlus Real-Time PCR Systems (Applied Biosys-
tems) with the following profile: 10 minutes at 95°C, followed by a total of 40 two-
temperature cycles (15 s at 95°C and 1 minute at 60°C). To verify the purity of
the products, a melting curve was produced after each run according to the man-
ufacturer’s instructions. The threshold cycle (Ct) was calculated by the instrument’s
software (StepOne Software v2.3., Applied Biosystem) and the relative expression
of each mRNA was calculated as previously described [28]. Guanosine diphosphate
dissociation inhibitor was used as reference gene. All primers were obtained from
Sigma (Sigma Aldrich Co., LLC, Madrid, Spain).
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Fig. 1. Body weight (A) and body fat and cumulative energy intake (B) of female rats over the pre-gestation, gestation and lactation periods of control (C-dams), western-diet
(WD-dams) and reversion dams (Rev-dams). Data are expressed as the mean#s.e.m. of eight to ten animals per group. Statistics: MD, effect of maternal diet; T, effect of time;
TXMD, interactive effect between time and maternal diet (repeated measures ANOVA). LSD post hoc test, W#X#Y#Z (Effect of time repeated measures ANOVA) and a#b##c
(Effect of maternal diet one-way ANOVA). *, Western-diet versus control diet (Mann-Whitney U test). Statistic details of LSD post hoc test of body weight during lactation:

LD14 (a-b-ab); LD15, LD16, LD21 (a-b-a); LD17 and LD19 (ab-a-b).

2.6. Statistical analysis

Data are expressed as the mean+SEM (n=8-10). Data were checked for normal-
ity using Shapiro-Wilks normality test and Levene’s test was performed to assess
homogeneity of variances between groups. Logarithmic transformation was applied
when required before analysis. During pre-gestation and gestation, comparisons be-
tween two groups were assessed by the non-parametric Mann-Whitney U test. Dur-
ing lactation, differences among groups were assessed by one-way ANOVA followed
by least significances difference (LSD) post hoc comparison. In those parameters
measured at different time points, repeated measures ANOVA followed by LSD post
hoc tests were used to compare the mean differences between groups and/or be-
tween the time-points of the lactation period. In addition, relation between two
variables were assessed using the Person’s correlation coefficient. The test used for
each comparison is indicated in the footnote of the figures. Threshold of signifi-
cance was defined at P<.05. The analyses were performed with SPSS for Windows
(SPSS, Chicago, IL, USA).

3. Results

3.1. Maternal phenotypic traits during pre-gestation, gestation and
lactation

Body weight of female rats over the 30 days prior to gestation
(pre-gestation) and during the gestation and lactation periods are
shown in Fig. 1A. Body fat content and cumulative food intake is
shown in Fig. 1B. During pre-gestation period, dams exposed to
WD consumed more calories compared to their controls exposed
to SD (19% greater, 1555458 vs. 1857+68 Kcal) (Mann-Whitney U
test). They also gained more weight and fat mass than controls (in-
teractive effect between diet and time, repeated measures ANOVA).
At the time of mating, body weight and fat mass of WD fed

rats were, respectively, 8% and 66% greater than controls (Mann-
Whitney U test). During gestation, dams exposed to WD contin-
ued consuming more calories than their controls (Mann-Whitney U
test) and showed a trend to a higher body weight. However, dur-
ing lactation, body weight of WD-dams remained practically un-
altered, whereas body weight of C- and of Rev-dams (WD-dams
that returned to SD after delivery) increased progressively during
lactation (interactive effect between diet and time, repeated mea-
sures ANOVA). In fact, WD-dams displayed a body weight signifi-
cantly lower than C-dams between LD14 and LD16 and at the end
of lactation (LD21) (one-way ANOVA, post hoc analysis; statistic de-
tails of LSD post hoc test are included in the figure legend). They
also displayed a lower body weight than Rev-dams from LD15 on-
wards (one-way ANOVA, post hoc analysis). No significant differ-
ences were observed in body weight between Rev- and C-dams
during this period. Regarding body fat content, both WD- and Rev-
dams displayed a greater body fat percentage than C-dams on LD5,
but from LD10 onwards the difference with respect to controls was
only maintained for the Rev-dams (one-way ANOVA, post hoc anal-
ysis). Of note, body fat percentage decreased throughout lactation
in WD- and Rev-dams, but it remained more stable in C-dams,
with the exception of LD21 in which it underwent a significant
decrease (interactive effect between diet and time, repeated mea-
sures ANOVA). Despite the lower body weight of WD-dams at the
end of lactation compared to C-dams, their cumulative calorie in-
take throughout lactation was higher than that of C-dams (12%),
although the difference was mainly found in the late period, be-
tween LD16 and LD20 (33%). In contrast, Rev-dams maintained a
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Fig. 2. Maternal circulating parameters during lactation (A), and maternal phenotypic traits and liver histological analysis at weaning (LD21) (B). Data are expressed as the
mean+s.e.m. of eight to ten animals per group. Statistics: MD, effect of maternal diet; T, effect of time; TxMD, interactive effect between time and maternal diet (repeated
measures ANOVA or one-way ANOVA). LSD post hoc test, A#B (Effect of maternal diet repeated measures ANOVA); XY (Effect of time repeated measures ANOVA) and a#b

(Effect of maternal diet one-way ANOVA).

greater adiposity than C-dams during the whole lactation period,
despite their reduced calorie intake (12.6%). The decrease in energy
intake in Rev-dams was more marked in the first half of lactation,
what could be explained by the change from WD to SD. All groups
of dams increased their calorie intake throughout lactation. Cumu-
lative intake during the entire period studied (pre-gestation, ges-
tation and lactation) was significantly greater in WD-dams com-
pared with C-dams and Rev-dams, and no significant differences
were observed between C-dams and Rev-dams (C-dams: 5731498
Kcal; WD-dams: 66154138 Kcal; Rev-dams: 5739+116 Kcal) (a,b,a;
one-way ANOVA, post hoc analysis).

Maternal circulating parameters at different time-points of lac-
tation are shown in Fig. 2A, and phenotypic traits and liver his-
tological analysis at weaning (LD21) are shown in Fig. 2B. WD-
dams exhibited lower glucose levels than C- and Rev-dams (re-
peated measures ANOVA, post hoc analysis). Rev-dams also dis-
played lower circulating glucose levels than controls at LD10 (one-
way ANOVA, post hoc analysis). Both WD- and Rev-dams displayed
lower insulin levels than C-dams (repeated measures ANOVA, post
hoc analysis). The differences compared to C-dams were more pro-
nounced at LD5 for Rev-dams (one-way ANOVA, post hoc analysis)
and at LD15 for WD-dams (one-way ANOVA, post hoc analysis).
A different pattern was observed at the end of lactation (LD21),
since WD-dams displayed greater insulin levels than C- and Rev-
dams (one-way ANOVA, post hoc analysis). No significant differ-
ences were observed in maternal leptin and adiponectin circulat-
ing levels during lactation, but at LD21 Rev-dams displayed greater
circulating leptin levels than C-dams (one-way ANOVA, post hoc
analysis).

As shown in Fig. 2B, Rev-dams had a greater weight of the
rWAT than C-dams (one-way ANOVA, post hoc analysis), but no dif-
ferences were observed in the weight of the mammary gland and
liver between groups (one-way ANOVA, post hoc analysis). WD-
dams displayed greater NEFA levels than C- and Rev-dams (one-
way ANOVA, post hoc analysis) and a tendency to greater circu-
lating levels of TG than C-dams (P=.08, one-way ANOVA, post hoc
analysis LSD). Liver histological analysis revealed that nine of the
ten WD-dams presented different degrees of hepatic steatosis, be-
tween grade 1 and grade 3, but no signs of steatosis were observed
in C-dams. In the case of Rev-dams, one of the nine animals pre-
sented grade 1 steatosis.

3.2. Offspring phenotypic traits during the suckling period

Body weight evolution during the suckling period was differ-
ent between the offspring of C-dams (O-C), the offspring of WD-
dams (O-WD), and the offspring of Rev-dams (O-Rev), both males
and females (interactive effect between diet and time, repeated
measures ANOVA) (Fig. 3A). O-WD pups displayed a greater body
weight from PND6 (males) and PND8 (females) onwards compared
with O-C and O-Rev pups (one-way ANOVA, post hoc analysis). In
turn, O-Rev pups displayed a lower body weight than O-C pups
from PND1 to PND7 and from PN12 onwards (males) or from PN16
onwards (females) (one-way ANOVA, post hoc analysis). Body com-
position analysis at weaning revealed that O-WD pups, both males
and females, displayed greater body fat mass and fat percentage
compared to O-C and O-Rev pups (one-way ANOVA, post hoc anal-
ysis). In addition, O-Rev pups displayed a lower body fat mass than
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Fig. 3. Body weight over suckling period of male and female offspring of control (O-C), western-diet (O-WD) and reversion dams (O-Rev) (A). Body fat and lean mass of
male and female O-C, O-WD and O-Rev at PN21 (B). Leptin and glucose levels of male and female O-C, O-WD and O-Rev at PN10, PN15 and PN21. Data are expressed as the
meanzts.e.m. of eight to ten animals per group. Statistics: MD, effect of maternal diet; T, effect of time; TxMD, interactive effect between time and maternal diet (repeated
measures ANOVA). LSD post hoc test, A#B (Effect of maternal diet repeated measures ANOVA); X£Y#Z (Effect of time repeated measures ANOVA) and a#b#c (Effect of

maternal diet one-way ANOVA).

0O-C pups, and O-Rev females, but not males, also displayed a lower
fat percentage than O-C (one-way ANOVA, post hoc analysis). No-
tably, male and female O-WD pups also displayed a higher lean
mass content than O-C and O-Rev pups (one-way ANOVA, post hoc
analysis). In turn, O-Rev rats displayed lower lean mass than O-
C rats. However, when considering lean mass percentage, O-WD
pups showed lower lean mass than O-C and O-Rev pups (one-way
ANOVA, post hoc analysis), and no differences were found between
0-C and O-Rev groups. Thus, the differences between groups re-
garding body weight can be attributed mainly to differences in
body fat content, but also in lean mass content.

Circulating leptin and glucose levels were measured in these
animals under ad libitum feeding conditions at PN10, PN15 and
PN21 (Fig. 3C). In accordance with their higher adipose mass, O-
WD pups displayed greater circulating leptin levels than O-C and
O-Rev pups (one-way ANOVA, post hoc analysis), whereas no sig-
nificant differences were observed between O-Rev and O-C pups. In
fact, a positive correlation was found between plasma leptin lev-
els and body fat percentage at PND21 (r=0.886; P<.001 (males),
and r=0.815, P<.001 (females), Pearson’s correlation). In addition,
in males there was an interactive effect between circulating lep-
tin levels and the day of lactation (interactive effect between diet
and time, repeated measures ANOVA). Circulating levels of leptin
at PND15 were significantly lower than at PND10 only in O-Rev
males (repeated measures ANOVA, post hoc analysis). However, in
females, all groups showed a decrease in their circulating levels at
PND15 compared to PND10 (repeated measures ANOVA, post hoc
analysis). Circulating glucose levels in PND21 were greater com-

pared to the other days studied (PND10 and 15) in both males
and females (repeated measures ANOVA, post hoc analysis). In ad-
dition, O-WD females displayed higher glucose levels during the
suckling period compared to O-C and O-Rev pups (repeated mea-
sures ANOVA, post hoc analysis). O-WD males also showed higher
glucose levels than O-C and O-Rev pups at the end of the suckling
period (PND21) (one-way ANOVA, post hoc analysis).

3.3. Milk composition

The concentration of proteins, TG and lactose was measured in
milk at three time points during lactation (Fig. 4A). Protein content
on LD10 and LD15 of lactation was higher compared to the con-
tent on LD5 (repeated measures ANOVA, post hoc analysis). Milk
from WD-dams presented a lower protein content than that of C-
and Rev-dams throughout the lactation period (repeated measures
ANOVA, post hoc analysis), but specially at LD10 (one-way ANOVA,
post hoc analysis). No differences were observed in the TG con-
tent either due to maternal conditions or the course of lactation.
Lactose concentration progressively increased from LD5 to LD15
(repeated measures ANOVA, post hoc analysis), but no differences
were observed between groups.

The energy content of milk, estimated from the concentration
of the macronutrients above mentioned, increased throughout the
lactation period (repeated measures ANOVA, post hoc analysis), but
no significant differences were found between groups (Fig. 4B). The
macronutrient distribution of milk is shown in Fig. 4C. The contri-
bution of lactose to the energy content increased throughout lac-
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tation (repeated measures ANOVA, post hoc analysis), whereas the
contribution of TGs decreased (repeated measures ANOVA, post hoc
analysis). Milk from WD-dams presented a greater percentage of
the total energy from TGs and lower from proteins compared to
Rev-dams at LD5 (one-way ANOVA, post hoc analysis). No differ-
ences were observed in the distribution of macronutrient when
comparing WD- and Rev-dams with C-dams.

The levels of candidate hormones (insulin, leptin and
adiponectin) were also measured in milk at different time points
(Fig. 5A). Insulin levels, unlike leptin and adiponectin, were higher
in milk than in maternal plasma. Insulin levels in milk at LD10
and 15 were higher than at LD5 (repeated measures ANOVA, post
hoc analysis) and were influenced by maternal group (repeated
measures ANOVA, post hoc analysis). Milk of WD-dams displayed
lower insulin levels than C-dams, but no differences were observed
between Rev- and C-dams (repeated measures ANOVA, post hoc
analysis). However, Rev-dams also displayed lower insulin levels
than C-dams on LD5 (one-way ANOVA, post hoc analysis), but
levels were normalized to those of C-dams with the course of lac-
tation. Regarding milk leptin, the pattern at different time points
was different between groups (interactive effect between diet and
time, repeated measures ANOVA). In C-dams, leptin increased
progressively during lactation (repeated measures ANOVA, post
hoc analysis). At day 15 of lactation, WD-dams, but not Rev-dams,
displayed lower milk leptin levels than C-dams (Mann-Whitney U
test). No differences were observed between groups concerning
adiponectin levels considering the whole lactation period, but
WD-dams at LD15 displayed lower levels than C- and Rev-dams
(one-way ANOVA, post hoc analysis).

Correlations between milk and maternal plasma hormone lev-
els during lactation were done segmented by maternal conditions
(Fig. 5B). There was a significant positive correlation for insulin
and adiponectin in C-dams (r=0.535, P<.01; r=0.753, P<.001, re-
spectively, Pearson’s correlation) and in Rev-dams (r=0.422, P<.05;
r=0.503, P<.01, respectively), but no correlations were found for
these hormones in WD-dams. Regarding leptin, a positive correla-
tion between milk and plasma levels was found only in the WD-
dams (r=0.505, P<.01).

3.4. Maternal leptin expression by mammary gland and the
retroperitoneal white adipose tissue

Besides the adipose tissue, the mammary gland also produces
leptin, contributing to their levels in milk. Given the lack of cor-
relation between leptin levels in plasma and milk in C- and Rev-
dams, we analyzed leptin mRNA levels in the mammary gland
and the rWAT at LD21 (at weaning), to determine if they follow
the same profile (Fig. 6A). A differential pattern was observed be-
tween both tissues. In the rWAT, WD-dams exhibit higher lep-
tin mRNA levels than C-dams (Mann-Whitney U test), and similar
to Rev-dams. However, in the mammary gland, Rev-dams showed
greater leptin mRNA levels than WD-dams (one-way ANOVA, post
hoc analysis), whereas no significant differences were found be-
tween WD-dams or Rev-dams and C-dams. Of note, leptin mRNA
expression levels in the rWAT were positively correlated with both
body fat percentage and the weight of this fat depot, considering
all groups of rats (r=0.838, P<.001; r=0.748, P<.001, respectively,
Pearson’s correlation), whereas no correlation was found concern-
ing leptin expression in the mammary gland and body fat percent-
age or the weight of the mammary gland (Fig. 6B).

4. Discussion

Exclusively breastfeeding is universally recommended due to
its health benefits for mothers and infants. Among others, breast-

feeding affords a reduction in childhood obesity risk and type 2
diabetes [29-31]. However, the protective effects of breastfeeding
may differ depending on maternal phenotype. An increasing num-
ber of children are born to and breast fed by mothers with obe-
sity, as consequence that many women in western countries con-
sume poor-quality diets that contain excessive levels of sugars and
fat [32,33]. This consumption has been simulated in animal mod-
els exposed to a high-fat and/or high-sucrose diet during gesta-
tion and/or lactation, providing important insights on the harmful
metabolic programming effects in the offspring [5-8]. Neverthe-
less, studies allowing to discern the differential metabolic effects
of maternal obesity per se from the direct effects of the intake of
unbalanced diets are scarce. Here, we show, in rats, that maternal
intake of an obesogenic diet during lactation, rather than mater-
nal excess of adiposity (in the absence of dietary alterations during
lactation), appears as the main contributor to alterations in milk
composition and the accelerated postnatal growth of the offspring.
Moreover, dietary improvement during lactation after the intake of
an unbalanced diet prior and during gestation prevents, at least in
part the early detrimental effects in the offspring.

Lactation is a physiological state that represents important chal-
lenges for maternal energy homeostasis to be adapted to this de-
manding condition. Changes in circulating levels of metabolic hor-
mones, such as leptin and insulin, among others, as well as in the
responsiveness to these signals contribute to the modifications in
energy balance pathways during this period [34]. The need of en-
ergy for milk production supposes a negative energy balance for
dams, despite the presence of hyperphagia, what influences their
body weight and metabolic profile [35]. Here, we show that such
negative energy balance seems to be more marked in WD-dams.
They consumed more calories during the lactation period than C-
dams, while showing a progressive reduction of their body fat per-
centage from 17% (LD5) to 11% (LD21), so that it was not different
from that of C-dams from LD10. In turn, their offspring (O-WD)
displayed a greater body weight from mid lactation than their con-
trols. This was accompanied by the presence of hyperleptinemia,
already evident at PND10, higher circulating glucose levels, greater
fat mass, and lower lean mass percentage. In this sense, a direct
effect of the WD consumed directly by the offspring must be con-
sidered, since they begin to eat solid food, in addition to milk, in
late lactation. This fact may also contribute to the higher calorie
intake attributed to their dams.

The reversion group is of interest to discriminate the effects of
maternal overweight from those of overeating an unbalanced diet
during lactation, since the intrauterine environment was the same
as that of WD-dams. Of note, different outcomes were observed in
Rev-dams and their offspring (O-Rev) in comparison to WD-dams
and O-WD. As a consequence of the dietary normalization after
delivery, Rev-dams displayed a voluntary calorie restriction (12.6%
and 21.7% compared to C-dams and WD-dams, respectively, con-
sidering the whole lactation period), but maintained excess body
fat compared to C-dams throughout lactation. We have previously
reported that a forced energy restriction of 20% in normal-weight
rats during lactation produced notable effects on body weight in
dams and their offspring (24% and 34% reduction vs. controls, re-
spectively) [36]. In the present study, the effects of voluntary en-
ergy restriction during lactation were not observed in body weight
of dams and were more modest in the offspring (8.4% and 6.9%
reduction in males and females, respectively, compared to O-C at
weaning). The lower body weight of O-Rev animals in comparison
to O-C animals may be attributed, in part, to a lower lean mass,
although the percentage of lean mass was similar. Very interest-
ingly, O-Rev pups displayed circulating levels of leptin and glucose
during lactation similar to those of O-C pups, as well as similar
(males), or even lower (females) body fat percentage at weaning,
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despite having been exposed to an obesogenic environment dur-
ing gestation. An accelerated growth during lactation has been pro-
posed as an important risk factor for type 2 diabetes and obesity
[9]. Thus, here, the improvement of maternal diet during lactation
seems to avoid or attenuate the harmful effects in offspring asso-
ciated to maternal intake of an unbalanced diet.

Circulating parameters in WD-dams during lactation reflected
their altered metabolic state. Under feeding conditions, they dis-
played lower glucose levels compared to C-dams, accompanied by
lower insulin levels, particularly at LD15. A decrease in insulin lev-
els has also been described in rat dams exposed to a cafeteria
diet during lactation [19]. This may reflect the situation of nega-
tive energy balance, that may be accompanied by changes in the
sensitivity to this hormone. Concretely, during lactation, maternal
tissues, such as the adipose tissue, display a selective insulin re-
sistance, whereas the mammary gland remains insulin sensitive
ensuring that metabolic fuels are channeled to this site for milk
production [37,38]. It must be considered that TG present in milk
can derive from different sources, including dietary lipids, fat re-
serves, and de novo synthesis within the mammary gland [39].
Despite NEFA were only determined at the end of lactation, the
greater circulating levels of NEFA in WD-dams may be in agree-
ment with the increased fat mobilization in response to fuel de-
mands for milk production [40,41]. Nevertheless, the presence of
insulin resistance in the mammary gland of WD-dams, impairing
de novo fatty acids synthesis, cannot be ruled out, as has been
suggested in rats exposed to cafeteria diet during lactation [19].
This would explain the need for a greater TG mobilization from
their own fat stores. However, unlike the pattern during lactation,
at weaning, WD-dams showed higher insulin levels compared to
controls along with the normalization of glucose levels, coincident
with the completion of lactation and the end of the increased ener-
getic demands for milk production. The presence of higher insulin
levels was expected due to the WD consumption. Moreover, histo-
logical analysis revealed that WD-dams also displayed a greater fat
accumulation in liver and signs of hepatic steatosis. Interestingly,
Rev-dams showed lower insulin and glucose levels than C-dams
during the first half of lactation, but levels were similar to that of
C-dams at the end of lactation, suggesting that the glucose-insulin
homeostasis was normalized due to dietary improvement. No al-
terations in NEFA levels or in hepatic morphology and lipid accu-
mulation were either observed in Rev-dams. Instead, and reflecting
their greater fat mass, Rev-dams also presented greater circulating
leptin levels than C-dams and a greater rWAT mass at the end of
lactation.

Milk composition is of relevance to infant growth and devel-
opment [15,42]. The accelerated postnatal growth-up in O-WD
pups, but not in O-Rev, may be associated with a higher milk
energy content and/or to specific changes in their macronutrient
composition due to maternal diet during lactation. Studies con-
ducted in animal models suggest that an obesogenic dietary pat-
tern may impact the milk macronutrient composition [12,15,43].
Here, we observed no changes in the energy content of milk be-
tween groups. Total TG and lactose levels were unaffected by ma-
ternal diet/conditions during the lactation period. In fact, the con-
centration of lactose in milk has been described to be generally
stable and less sensitive to maternal diet [15,18]. Results regarding
TG are also in line with other animal studies showing that total fat
remains unchanged in milk after consuming a high-fat diet [44],
although other studies have found a greater lipid content in high-
fat diet [45,46] or cafeteria-diet [12] fed rats. Total milk protein
content was decreased in WD-dams compared to C-dams, whereas
the reversion of the diet during lactation normalized the protein
content in milk. This suggest that the decrease in the milk protein
content in WD-dams is related to the diet rather than to maternal

adiposity. Macronutrient distribution was different between WD-
dams and Rev-dams at early lactation, since milk from Rev-dams
presented a lower percentage of the total energy from lipids and
greater from the protein fraction compared to that of WD-dams.
These changes in the macronutrient distribution and particularly
the reduction in the total protein content could contribute to the
differences in infant growth, as previously described in the off-
spring of rats exposed to a cafeteria diet during lactation [12].

Besides macronutrient composition, potential alterations in
bioactive hormones present in milk, particularly, endogenously
synthesized peptide hormones and cytokines with a potential role
in infant growth and development may also be considered. In fact,
the concentration of specific bioactive peptides has been described
to be influenced by maternal diet during lactation [47]. Among
them, the one that shows clearer evidence as a potential program-
ming factor during lactation is leptin [25], but other hormones
such as insulin and adiponectin, which have an important role in
energy metabolism may also be of interest, although their roles as
milk components have been less explored [20].

Regarding insulin, despite its important and well-known role in
energy and glucose homeostasis [48], its function as a component
of breast milk is poorly understood. Of interest, milk insulin levels
were greater (about double) that those found at the same time-
point in maternal circulation. These results are in line with human
studies [49], suggesting that insulin could be actively transported
from maternal circulation into milk, although the transporter in-
volved has not yet been identified [50]. Additionally, human stud-
ies have reported that insulin concentrations in breast milk are
higher in overweight and women with obesity compared to their
normal-weight counterparts [49,51-53], and levels were correlated
with maternal insulin concentration, HOMA-IR and body mass in-
dex [49]. Here, we found that WD-dams displayed lower insulin
levels in milk than C-dams during the whole lactation period. Rev-
dams also showed lower insulin levels than C-dams at the begin-
ning of lactation, but levels were no longer different from controls
from LD10, again pointing out the importance of maternal diet.
Young et al. have also shown that maternal plasma concentration
and insulin sensitivity may impact breast milk insulin concentra-
tion more than maternal BMI [49]. Notably, in the present study,
insulin levels in milk and plasma were positively correlated in C-
and Rev-dams, but not in WD-dams. Considering that insulin does
not seem to diffuse into milk via the paracellular pathway, but
rather by regulated transport through the mammary gland epithe-
lium, and there is also no evidence that this hormone can be syn-
thesized in the mammary gland [50], current results suggest the
existence of alterations in the active transfer of circulating insulin
into milk associated to WD consumption. However, possible mech-
anisms involved and how they are affected by maternal conditions
need to be further elucidated.

Therefore, it must be deduced that O-WD pups were chroni-
cally exposed to relatively lower doses of oral insulin during lac-
tation than controls, whereas this alteration was normalized in O-
Rev pups. The functions of milk insulin and the possible impact of
alterations in its concentration are not really known. Some stud-
ies suggest that milk insulin may act locally in the enterocytes or
be absorbed into circulation and mediate offspring growth effects
[54-56]. It has also been described that oral insulin may have an
effect on gut [57] and pancreas [58] maturation, and exert favor-
able effects on blood glucose and lipid profile [59]. Insulin in hu-
man milk has also been shown to influence the microbiome in the
gastrointestinal tract [60]. Regarding the possible impact of milk
insulin on infant body weight, Fields et al. found a negative cor-
relation between milk insulin levels and body weight, weight-for-
length z-score, BMI-for-age z-score, and total lean mass in infants
born from normal weight and mothers with obesity at 1 month
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of age, proposing that milk insulin may have a function in the
buildup of body fat and body lean mass in infants [61]. Interest-
ingly, Chan et al. have been described a U-shaped association be-
tween breast milk insulin at 4 months and the weight-for-length
(WFL) and BMI at 4 months and 1 year, with intermediate con-
centrations of breast milk insulin predicting the lowest infant WFL
and BMI z-score. Thus, intermediate concentrations of breast milk
insulin may optimally support infant metabolism as the immature
pancreas develops its capacity to produce insulin, whereas insuf-
ficient or excessive insulin in breast milk may impair this process
[53]. Of note, pup nursed by WD-dams had greater glucose lev-
els during the whole lactation (females) or at the end of lactation
(males) as compared with pups nursed by C- and Rev-dams, which
could be tentatively associated with an insufficient insulin supply
from milk.

Another metabolism-regulating hormone found in effective
quantities in breast milk is adiponectin. Circulating adiponectin ex-
hibits insulin sensitizing and anti-inflammatory effects and their
levels are inversely related to fat mass and insulin resistance
[62,63]. However, adiponectin levels in milk do not seem to follow
the same association as in circulation, and its role as a milk com-
ponent looks controversial. Some human studies have described a
positive relationship between maternal adiposity and adiponectin
levels in breast milk [64,65]. In turn, higher milk adiponectin has
been associated with lower infant weight [66] or WFL z-score
[67] during the first 6 months of age; however, this higher supply
of adiponectin was subsequently associated with greater weight
gain and adiposity in the second year of life in the same chil-
dren [66,68]. In another study, higher levels of adiponectin in
breast milk have also been associated with a greater risk of be-
ing overweight at 2 years of age in breastfed infants [51]. Thus,
milk adiponectin might influence infant growth and development,
but no direct relationship has been shown. Animal studies have
not shed much light on the possible role of adiponectin in milk,
nor on the relationship between its levels in milk and the mother’s
dietary or metabolic conditions. For example, milk adiponectin lev-
els have been described to be increased in nursing rats exposed to
a mild calorie restriction during lactation [36], a condition associ-
ated with a certain protection in the offspring against the develop-
ment of metabolic alterations [69-71]. However, rats fed a cafete-
ria diet during lactation [47] and rats made obese by cafeteria diet
feeding and moved to a standard diet before mating [72] also dis-
played greater milk adiponectin levels. These maternal conditions
were associated with adverse or neutral effects in the offspring,
respectively [12,72]. Interestingly, both maternal overexpression of
adiponectin in transgenic mice and maternal adiponectin defi-
ciency in knockout mice have been shown to lead to a systemic
inflammatory response in the pups [73]. Therefore, the presence
of lower milk adiponectin levels in the final step of lactation in
WD-dams compared to controls, but not in Rev-dams, could be
tentatively related with the early hallmarks of metabolic syndrome
that show O-WD pups, such as greater body weight and adiposity,
hyperleptinemia and higher circulating glucose levels compared to
0-C and O-Rev pups. However, a cause-effect relationship cannot
be established, and the effects observed in the offspring may be
the result of the combination of a myriad of milk components. On
the other hand, it should be noted that in the present study, and
similarly to what observed for insulin, adiponectin levels in milk
were correlated with maternal plasma levels of adiponectin in C-
and Rev-dams, but not in WD-dams. This suggests the existence
of alterations in the transfer from circulation to milk is this group
of dams. Moreover, since adiponectin is expressed in the mam-
mary gland [73], alterations in its production associated to WD
consumption may also account for these differences. These results
in control dams are in accordance with a previous study in rats

showing the existence of a positive correlation between milk and
maternal plasma levels of adiponectin [74], but the effects of ma-
ternal diet and/or maternal conditions have not been specifically
addressed.

Among the hormones present in milk, probably the most rel-
evant and for which there is clear evidence of its physiological
importance during lactation in metabolic programming is leptin
[25]. Leptin levels in breast milk have been reported to be pos-
itively correlated with circulating leptin levels and with mater-
nal BMI/adiposity [24,75], so that mothers with overweight/obesity
generally have greater amounts of leptin in breast milk than
normal-weight mothers [25,61]. Interestingly, observational stud-
ies have shown the existence of a negative correlation between
breast milk leptin levels and infant body weight gain and BMI
[24,25,76,77]. Animal studies have provided direct demonstration
of the key role of leptin intake during the suckling period both
in neonatal development and long-lasting metabolic programming
[3,25]. In rats, leptin oral supplementation at physiological doses
during the suckling period has been shown to exert beneficial ef-
fects in the offspring, since it prevents against the development of
overweight and excess adiposity in adulthood and improves leptin
and insulin sensitivity and the general metabolic state, both under
standard and HF-diets [21,78,79]. In the present study, leptin levels
increased in C-dams throughout the lactation period, as previously
described [80], but this increase was not observed in WD-dams
and Rev-dams, so that WD-dams, but not Rev-dams, displayed
lower milk leptin levels than C-dams on LD15. Notably, unlike what
described in humans, no significant correlation was found between
milk leptin levels and maternal plasma levels in C-dams and Rev-
dams, but a positive correlation was shown in WD-dams. The dis-
crepancy between groups could be tentatively attributed to differ-
ences in leptin production by the mammary gland. Interestingly,
at weaning, Rev-dams showed higher leptin mRNA expression lev-
els than WD-dams in mammary gland. This pattern was tissue-
specific, since leptin expression in the rWAT of WD-dams was sim-
ilar to that of Rev-dams and greater than controls. Moreover, as
expected, leptin mRNA levels in the rWAT were positively corre-
lated with maternal adiposity and with the weight of this fat de-
pot, but no correlation was found regarding leptin expression in
the mammary gland. The mechanisms and factors involved in the
specific regulation of leptin production by the mammary gland re-
main unknown, but they deserve to be studied. A different pattern
of leptin expression between the mammary gland and the rWAT
was also described in rats exposed to a moderate calorie restric-
tion during lactation [71]. These rats showed greater leptin expres-
sion in the mammary gland compared to their controls, with no
changes in the WAT. Notably, the offspring of these dams were
found to be more protected against diet-induced obesity and re-
lated metabolic alterations in adulthood [69,71]. In another model
consisting of rats made obese by cafeteria diet feeding, removal of
this diet 1 month before mating (post-cafeteria rats) was shown
to prevent the potential adverse effects associated with maternal
obesity in the offspring [72]. These dams exhibited higher leptin
concentration in milk in comparison to their controls, and this was
tentatively related with the protection of their offspring against ex-
cessive fat accumulation in adulthood [72]. Therefore, the presence
of higher leptin expression in the mammary gland of Rev-dams
and the maintenance of milk leptin levels similar to controls might
contribute to the improvement in the growth rate and adiposity of
their offspring.

Leptin orally administered during the suckling period has been
described to exert its biological functions acting on receptors
present in the gastrointestinal tract [25], but it is also absorbed
by the immature stomach of neonate rats and transferred into cir-
culation, probably exerting additional systemic effects [80]. The
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contribution of oral leptin during the suckling period to circulating
levels seems to be lower compared to that produced by the adi-
pose tissue. In fact, the lower milk leptin supply to the offspring of
WD-dams in the late lactation period was not associated to lower
circulating leptin levels. Instead, these animals displayed greater
leptin levels than O-C and O-Rev pups, according to their greater
body fat percentage, and a positive correlation was found between
both parameters at PND21. Of note, despite the beneficial effects
described with the administration of physiological doses of leptin
orally [21], the hyperleptinemia present in the offspring of WD-
dams during the suckling period is not expected to have long-term
beneficial effects. In fact, different outcomes were obtained in ani-
mal studies in which leptin was injected, instead of orally admin-
istered, into pups during the suckling period, resulting in increased
plasma levels of leptin, as they were associated with greater body
weight gain [81] or with increased diet-induced body weight gain
and with related metabolic alterations [82].

Epigenetic modifications have been proposed as mechanisms by
which suboptimal nutrition during critical stages of life, including
fetal and early postnatal periods, could contribute to developmen-
tal plasticity and affect the long-term health of the individual. In
fact, some studies carried out in animal models show that mater-
nal overnutrition leads to alterations in the gene methylation pro-
file in key metabolic tissues such as the liver [83,84] or the hy-
pothalamus [85] leading to long-term epigenetic modifications in
the offspring. Therefore, although in the present study we have not
analyzed epigenetic changes, it is plausible that they could con-
tribute to some of the effects of maternal conditions on the off-
spring development. Moreover, besides main programming effects
in the offspring are related to maternal conditions, paternal envi-
ronmental factors can also modulate epigenetics in the offspring,
through imprinting processes in the sperm [86]. In fact, pater-
nal obesity, diabetes mellitus and nutritional habits are associated
with adverse effects on the metabolic and cardiovascular health of
their offspring [86]. In the present study, all reproductive males
used for mating the female dams within the three experimental
groups had the same age and similar body weight. They were also
kept under the same stabling conditions and fed a standard diet,
except for the mating days with the dams fed the Western diet
(up to 5 days). Therefore, the putative influence on the offspring of
paternal exposure to this diet is expected to be small compared to
maternal influence but it can’t be ruled out, notwithstanding the
short period of paternal exposure to this diet.

In conclusion, we show that normalization of the diet during
lactation in nursing rats after the intake of an obesogenic diet be-
fore and during gestation attenuates the rapid postnatal growth-up
and greater adiposity, as well as the hyperleptinemia and higher
circulating glucose levels observed in the offspring of dams that
were maintained with the obesogenic diet during lactation. These
effects may be at least in part attributed to the normalization of
milk composition, particularly total protein content and/or levels
of metabolic hormones, particularly insulin, adiponectin and lep-
tin, which were reduced in those fed an obesogenic diet during
lactation. In addition, the role of the mammary gland in leptin pro-
duction and its different regulation with respect to that of the adi-
pose tissue is highlighted. All in all, these results are of relevance if
they could be extrapolated to humans, since they show the impor-
tance of the implementation of a healthy diet during lactation to
limit detrimental programming effects in the offspring, particularly
in women with overweight or obesity.
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