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Abstract

Literature reports that insults, such as hormonal disturbances, during critical periods of devel-
opment may modulate organism physiology and metabolism favoring cardiovascular diseases
(CVDs) later in life. Studies show that leptin administration during lactation leads to cardio-
vascular dysfunction in young and adult male Wistar rats. However, there are sex differences
regarding CVD. Thus, the present work aimed to investigate neonatal leptin administration’s
consequences on different outcomes in female rats at prepubertal and adult age. Newborn
Wistar female rats were divided into two groups, Leptin and Control, receiving daily subcuta-
neous injections of this adipokine (8 μg/100 g) or saline for the first 10 of 21 d of lactation.
Nutritional, biometric, hemodynamic, and echocardiographic parameters, as well as maximal
effort ergometer performance, were determined at postnatal days (PND) 30 and 150. Leptin
group presented lower food intake (p= 0.0003) and higher feed efficiency (p= 0.0058) between
PND 21 and 30. Differences concerning echocardiographic parameters revealed higher left ven-
tricle internal diameter (LVID) in systole (p= 0.0051), as well as lower left ventricle ejection
fraction (LVEF) (p= 0.0111) and fractional shortening (FS) (p= 0.0405) for this group at PND
30. Older rats treated with leptin during lactation presented only higher LVID in systole
(p= 0.0270). Systolic blood pressure andmaximum effort ergometer test performance was sim-
ilar between groups at both ages. These data suggest that nutritional, biometric, and cardiac
outcomes due to neonatal leptin administration in female rats are age-dependent.

Introduction

According to David Baker, insults, such as malnutrition or hormonal disturbances, during
critical periods of development may modulate organism physiology and metabolism, favoring
noncommunicable diseases later in life, including cardiovascular diseases (CVDs)1. Epigenetic
mechanisms underlying cell plasticity and adaptative responses are discussed to guarantee sur-
vival upon adverse conditions2–4. As mammalian cardiomyocytes continue to differentiate and
proliferate at the neonatal period, their hearts remain vulnerable after birth5–7. Thus lactation, as
well as pregnancy, encompasses a critical period regarding cardiovascular development4.

Literature reports higher levels of leptin in serum and breast milk of mothers with overweight
and obesity. These leptin levels were also positively correlated to each other and maternal body
mass index8,9. Breastfeeding allows this adipokine transference to the offspring, influencing
body composition and health9–11. Leptin, a hormone secreted by adipocytes, participates in sev-
eral physiological processes, including energy balance12.

Leptin serum concentration in early life seems to be relevant to developmental plasticity thus,
the increase in leptin serum lead hyperleptinemia associated with chronic diseases in adulthood
in rodents13,14. Nevertheless, as important as the level itself is the exact moment in which leptin
concentration changes in the suckling period14. Toste et al.15 have demonstrated that leptin
administration in newborn male Wistar rats during the first 10 of 21 d of lactation leads to sev-
eral alterations: hyperleptinemia, hyperphagia, overweight, hyperinsulinemia, and hypertrigly-
ceridemia in adulthood, explained by hypothalamic leptin resistance. Besides, Marques et al.16,17

have also characterized diastolic dysfunction in this experimental model in youth that evolved to
systolic dysfunction in adulthood along with changes in the spontaneous and sympathetic
response of isolated heart preparations compatible to heart failure.

CVDs constitute the leading cause of death worldwide18 and sex differences regarding these
diseases have already been described by literature, which may affect clinical practice19. Although
the cardioprotection addressed to estrogen in females during the reproductive period in animal
models20, there is a prospective study that reports a decrease of mortality rate due to CVD
among men in the past years highlighting the relevance of their outcomes in women.21

https://doi.org/10.1017/S2040174420001312 Published online by Cambridge University Press

https://www.cambridge.org/doh
https://doi.org/10.1017/S2040174420001312
https://doi.org/10.1017/S2040174420001312
mailto:chrisbretas@gmail.com
https://orcid.org/0000-0003-0388-2208
https://doi.org/10.1017/S2040174420001312


There are studies that also point to sex dimorphism related to
developmental plasticity22,23. Thus, this work aimed to describe the
consequences of leptin administration during the first 10 d of lac-
tation on biometric, nutritional, hemodynamic, and cardiac out-
comes in female Wistar rats highlighting the hypothesis that
leptin programming could also susceptible to sex dimorphism.

Methods

The Ethics Committee for the Use of Animals of Federal Fluminense
University (Niterói, Brazil) had previously approved this research
before its beginning. The study conduction was also accorded to
the Brazilian Society of Animal Science Experimentation (Sociedade
Brasileira de Ciência em Animais de Laboratório, SBCAL) guide-
lines24. The ARRIVE guidelines for reporting animal research have
oriented all the steps of the work25.

Animals and experimental model

All animals had free access to standard chow (Nuvilab®) and tap
water at controlled conditions (22°C, 55–65% humidity, 12/12 h
light/dark cycle). The breeding laboratory of the university has
providedmale (n= 5) and primiparous female (n= 10)Wistar rats
about 3 months of age used for mating (F0 generation). They had
no kinship and after 7 d of mating (two females for each male), the
pregnant rats were placed in individual cages. Parameters observed
to confirm pregnancy encompass increased abdominal circumfer-
ence and behavioral changes26.

A total of 10–12 puppies were born per dam after 21 d of gestation
(postnatal day [PND] 0). Aiming to avoid genetic bias, litters adjust-
ment (six pups per mother) was performed cross-fostering the
offspring at PND day 127. The offspring were divided into Leptin
and Control groups by simple randomization (F1 generation)28.

Control – six pups/mother (three males and three females)
Leptin – six pups/mother (three males and three females)

The litter adjustment comprised the proportion of one female for
each male to ensure the dam’s normal nursing behavior29. One
dam died during lactation and its offspring were euthanized. Three
female offspring have died throughout the experimental period.
Male ratswere evaluated on a differentwork. Thus, a total of 24 female
rats from the F1 generation were included in this study:

Control – 9 female rats – 4 litters,
Leptin – 15 female rats – 5 litters.

Leptin group received daily subcutaneous injections of mouse lep-
tin (PeproTech Inc., London, UK) diluted in saline within the first
10 of 21 d of lactation (8 μg/100 g of body mass). Control group
have received vehicle (0.9% NaCl) throughout the same period
instead16. Prepubertal and adult female offspring assessment hap-
pened at PND 30 and 15030. Body mass and food intake monitor-
ing comprised all the experimental period (three animals/cage).
The conduction of all the assays occurred as described by
Marques et al.16 and Araújo et al.31.

Nutritional and biometric analysis

Body mass and food intake monitoring began upon weaning at
PND 21. The determination of body weight gain occurred between
PND 21–30 and 30–150 (Final body mass−Inicial body mass). The
sum of food intake in the same periods allowed the calculation of
feed efficiency (Weight gain/Σfood intake).

Nose-to-anus lengthwas collected from anesthetized rats before
echocardiography using a tape measure.

Systolic blood pressure recording

The rats were previously acclimated to restraint and tail-cuff infla-
tion throughout 3 d for 10 min in the morning. The determination
of systolic blood pressure occurred on the fourth day using awake
rats and a noninvasively computerized tail-cuff system (NIBP con-
troller, ML125; ADInstruments) connected to the ADInstruments
PowerLab 8/30, ML870 digital–analog converter. Data were ana-
lyzed using LabChart 6 Pro software (ADInstruments, Bella
Vista, New South Wales, Australia). The final values of systolic
blood pressure used were the average of six successful recordings
of each animal achieved in the absence of spontaneous tail
movement.

Echocardiographic evaluation

The animals were previously anesthetized with ketamine (50mg/kg)
and xylazine (5 mg/kg) intraperitoneally, and then submitted to
the noninvasive transthoracic echocardiography using a portable
ultrasound system (Acuson Cypress Plus, Siemens, DEU,
Mountain View, CA, USA) and a 10-MHz transducer.
Parameters assessed to allow cardiac structure and function
evaluation: left ventricle internal diameter (LVID), interventricu-
lar septum thickness (IVS), and left ventricle posterior wall thick-
ness (LVPW) in systole and diastole, as well as relative wall
thickness (RWT), left ventricle mass (LVM), left atrium-to-aorta
ratio (LA/Ao), systolic volume (SV), left ventricle ejection fraction
(LVEF), fractional shortening (FS), and mitral deceleration time
(DT). All parameters were measured at least three times per animal
by a unique researcher. The assay conduction also followed the
American Society of Echocardiography32.

Maximal effort ergometer test

The experiment occurred after 3 d of acclimation (daily exercise
sessions of 10 min at 0.7–0.9 km/h). Some animals were nonres-
ponsive and has been categorized as sedentary rats. Because of
them, it was not possible to evaluate all animals submitted to pre-
vious assays.

The test comprised an adapted treadmill for rats (Imbrasport®,
Brasília) and the protocol does not include inclination. The initial
speed of 0.9 km/h was followed by progressive increments of
0.3 km/h every 3 min until exhaustion (rats remaining still for at
least 10 s despite stimuli). The parameters recorded were distance
traveled, time spent, and maximum speed developed in the test.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.0
software (USA). Shapiro–Wilk test allowed the evaluation of data
normality and homoscedasticity and guided the test used to com-
pare Control and Leptin groups within the same age (unpaired
Student’s t-test – parametric data – or Mann–Whitney test –
nonparametric data). Values are expressed as mean ± standard
deviation. Significance accepted comprised a p< 0.05.

Results

Nutritional parameters

Data points differences regarding nutritional parameters only
between PND 21 and 30. Table 1 shows that female rats from
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the Leptin group presented lower food intake (−13.8%, p= 0.0003)
and higher feed efficiency (þ28%, p= 0.0058).

Biometric parameters

Body weight and nose-to-anus length were similar between prepu-
bertal and adulthood females from Leptin and Control groups
(Table 2).

Echocardiographic and Hemodynamic analysis

Table 3 highlights some differences between Leptin and Control
groups regarding echocardiographic but not hemodynamic data.
Prepubertal female rats submitted to leptin administration presented
high values of LVIDs (þ50%, p= 0.0051) and remained higher in
these animals (þ33.3%, p= 0.0270) in adulthood. In addition, prepu-
bertal animals from the Leptin group presented lowers values of LVEF
(−4.4%, p= 0.0111) and FS (−9.2%, p= 0.0405).

Table 1. Nutritional parameters

Postnatal days 21–30 Postnatal days 30–150

Groups

Control n= 9 Leptin n= 15 p Control n = 9 Leptin n= 15 pParameters

Body weight gain (g) 39.44 ± 4.81 42.48 ± 4.69 0.1415 162.20 ± 20.21 166.30 ± 12.66 0.5422

∑Food intake (g) 158.40 ± 11.60 136.40 ± 12.86* 0.0003 2002 ± 96.84 2144. ± 167.10 0.0607

Feed efficiency 0.25 ± 0.03 0.32 ± 0.06* 0.0058 0.08 ± 0.01 0.08 ± 0.01 0.5020

Values are expressed as mean ± standard deviation. Data were analyzed using unpaired t-test or Mann–Whitney test.
*P< 0.05 Leptin versus Control group.

Table 2. Biometric parameters

Postnatal day 30 Postnatal day 150

Groups

Control n= 9 Leptin n= 15 p Control n= 9 Leptin n= 15 pParameters

Body mass (g) 88.31 ± 6.60 90.42 ± 7.11 0.1191 250.50 ± 16.90 258.20 ± 10.90 0.1861

Nose-to-anus length (cm) 16.77 ± 0.58 17.18 ± 1.08 0.3022 21.88 ± 0.89 21.60 ± 0.53 0.3455

Values are expressed as mean ± standard deviation. Data were analyzed using unpaired t-test or Mann–Whitney test. Significance was accepted if P< 0.05 (Leptin versus respective Control
group). No statistical difference were observed between groups at postnatal day 30 nor 150.

Table 3. Echocardiographic and hemodynamic parameters

Postnatal day 30 Postnatal day 150

Groups

Control n= 9 Leptin n= 15 p Control n= 9 Leptin n= 15 pParameters

IVSs (cm) 0.22 ± 0.03 0.24 ± 0.04 0.1882 0.26 ± 0.05 0.27 ± 0.03 0.9880

IVSd (cm) 0.12 ± 0.01 0.12 ± 0.01 0.6748. 0.14 ± 0.03 0.14 ± 0.02 0.8502

LVPWs (cm) 0.22 ± 0.03 0.24 ± 0.03 0.3415 0.26 ± 0.05 0.27 ± 0.03 0.6650

LVPWd (cm) 0.12 ± 0.01 0.12 ± 0.01 0.7622 0.15 ± 0.03 0.15 ± 0.01 >0.9999

LVIDs (cm) 0.14 ± 0.03 0.21 ± 0.06* 0.0051 0.21 ± 0.04 0.28 ± 0.09* 0.0270

LVIDd (cm) 0.43 ± 0.07 0.49 ± 0.08 0.0509 0.50 ± 0.13 0.60 ± 0.10 0.0916

RWT (cm) 0.58 ± 0.09 0.52 ± 0.14 0.2682 0.62 ± 0.25 0.51 ± 0.11 0.3699

LMV (g) 0.77 ± 0.05 0.83 ± 0.07 0.0935 0.93 ± 0.14 1.00 ± 0.12 0.1588

LA/Ao (cm) 1.02 ± 0.11 1.04 ± 0.07 0.5832 1.00 ± 0.10 1.03 ± 0.11 0.5297

SV (ml) 0.11 ± 0.02 0.12 ± 0.03 0.8163 0.19 ± 0.07 0.20 ± 0.06 0.6097

LVEF (%) 94.74 ± 2.03 90.58 ± 4.19* 0.0111 90.55 ± 3.50 86.62 ± 6.39 0.0856

FS (%) 63.96 ± 5.68 58.07 ± 6.81* 0.0405 57.30 ± 5.60 52.40 ± 9.67 0.1875

Mitral DT (ms) 66.00 ± 8.72 63.20 ± 7.36 0.4672 70.30 ± 10.22 66.31 ± 6.00 0.2387

Systolic blood pressure (mmHg) 99.03 ± 8.31 103.70 ± 5.93 0.1221 119.00 ± 12.98 127.40 ± 9.12 0.1289

d, diastole; FS; fractional shortening; IVS, interventricular septum thickness; LVPW, left ventricle posterior wall thickness; LVID, left ventricle internal diameter; RWT, relative wall thickness; LVM,
left ventricle mass; LA/Ao, left atrium-to-aorta ratio; SV, systolic volume; LVEF, left ventricle ejection fraction; Mitral DT, mitral deceleration time; s, systole.
Values are expressed as mean ± standard deviation. Data were analyzed using unpaired t-test or Mann–Whitney test.
*P< 0.05 Leptin versus Control group.
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Maximal effort ergometer test

Within the same age, Leptin and Control groups presented a
similar performance on the maximal effort ergometer test in all
parameters analysed (Fig. 1a–c).

Discussion

In this work, leptin administration led to hypophagia and higher
feed efficiency in prepubertal animals. Echocardiographic data
showed a slightly reduced LVEF and FS in youth. However, these
data do not reflect functional impairment. Independently of the
age, the LVIDs was higher in the Leptin group. No differences were
observed regarding systolic blood pressure and performance on the
maximal effort ergometer test. It is essential to highlight that these
outcomes are different from those reported for male rats submitted
to the same experimental protocol16.

The nutritional profile suggests that neonatal leptin administra-
tion altered themetabolism of prepubertal female rats but not adult
ones33. The early decrease in food consumption seems to be
accompanied by a reduction in energy expenditure. Toste et al.15

reported higher serum levels of insulin due to neonatal leptin
administration. The literature describes a role for leptin and insulin
on energy balance and food intake, highlighting the interaction
between these hormones’ signaling pathways in the hypothala-
mus12,34–36. Nevertheless, unlike male rats15, data does not indicate
the development of leptin’s central resistance in adult female rats
in this experimental model. According to the literature, male rats
seem to be more susceptible to obesity than females. This observa-
tionmay be explained by estrogen’s role in energy homeostasis and
neuropeptides secretion, increasing anorexigenic neuropeptides,
and decreasing orexigenic neuropeptides levels37–41.

According to the literature, leptin has a stimulating effect over
the release of gonadotropin-releasing hormone (GnRH) from the
hypothalamus. Besides, this adipokine can enhance the secretion
of luteinizing (LH) and follicle-stimulating (FSH) hormones by

the anterior pituitary, acting directly on estrogens synthesis42.
However, Pietrobon et al.23 have observed that the relationship
between leptin and estrogen levels depends on the experimental
model of metabolic programming. While non-pharmacological
early weaning promoted hyperphagia and hyperleptinemia without
differences regarding estradiol levels in adult females, pharmacologi-
cal early weaning determined normophagia, normoleptinemia, and
reduced plasma estradiol concentrations.

In agreement to literature, body mass and nose-to-anus length
can be used as biometric parameters to discuss adiposity in male
and female rats43–45. No cutoff points were established for female
rats. However, we have observed body mass and nose-to-anus
length values similar to Araújo et al.31 Thus, according to this refer-
ence, prepubertal and adult female rats submitted to neonatal lep-
tin administration did not present an increase in cardiometabolic
risk related to an adiposity increment. These data are different
from those observed by Toste et al.15 who studied male rats sub-
mitted to neonatal leptin administration.

Besides similar biometric parameters, no difference regarding
systolic blood pressure was seen within female Leptin and
Control groups independently of the age. These findings may be
due to leptin levels/activity. Previously, hyperleptinemia has been
related to higher values of systolic blood pressure and heart rate in
adult male rats of the same experimental model46. Trevenzoli
et al.13 suggested that hyperleptinemia increases adrenal medullary
function through sympathetic nervous system activation. The high
leptin levels on lactation program the sympathoadrenal system’s
activity in adulthood and it may contribute to the development of
adult chronic diseases such as hypertension13. Leptin signaling seems
to be necessary for the increased systolic blood pressure induced by
obesity47. However, a recent study has dissociated hypertension devel-
opment in obese individuals and leptin presence48.

Echocardiographic data shows an increased LVIDs in female
rats of the Leptin group suggesting decreased ventricular compli-
ance. This abnormality may be a sign of dilated cardiomyopathy49.
This structural change was not accompanied by functional injury
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Fig. 1. Data from maximal effort ergometer
test (Control n= 4, Leptin n= 10). (a) Distance
traveled, (b) time spent, and (c) maximum
speed developed. Values are expressed as
mean ± standard deviation. Data were
analyzed using unpaired t-test or Mann–
Whitney test.
*P < 0.05 Leptin versus Control group.
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as the differences seen between prepubertal groups regarding
LVEF and FS were insufficient to address systolic dysfunction.
The values recorded to Control and Leptin groups are similar to
those attributed to normal function by literature50,51. In con-
trast, Marques et al.16 have shown that leptin administration
during lactation programmed cardiac structural and functional
changes both in young and adult male rats. These observations
may also explain the differences noticed between sex regarding
the maximum effort ergometer test. While young and adult male
rats submitted to neonatal leptin administration have traveled a
shorter distance during a shorter test, developing a lower maxi-
mal velocity16, no differences were noticed between females con-
cerning these parameters. An important symptom of diastolic
dysfunction is exercise intolerance, which can be assessed by
cardiopulmonary exercise tests52. Maximal effort ergometer
tests have already been successfully applied previously to assess
cardiorespiratory capacity in rats16,31. Literature provides a
linear relationship between maximum speed and oxygen
consumption53.

Estrogen has been recognized as a cardioprotective hormone
due to its direct and indirect actions on myocardial cells and blood
vessels. In animal models of CVD, adult females exhibited lower
mortality and vascular injury, cardiac function preservation, and
slower progression to decompensated heart failure than males.
Estrogen deprivation mitigated this cardioprotection54–57. On
the other hand, estrogen reposition was able to increase cardio-
myocytes’ survival in a murine model of infarction, prevent hyper-
trophy in cardiomyocytes’ culture, and improve cardiac function
in the isolated hearts of gonadectomized rats58,59. According to lit-
erature, the activation of membrane-bound receptor G protein-
coupled estrogen receptor (GPER) and estrogen receptor beta
(ERβ) modulates Ca2þ homeostasis. The increased expression of
sarco/endoplasmic reticulum Ca2þ−ATPase and phospholamban
improves cardiomyocytes contractility60,61. In addition, GPER acti-
vation by specific agonists may reduce infarct size after myocardial
ischemia-reperfusion, preserving cardiac function through phos-
phatidylinositol 3-kinase-dependent signaling pathways62.

All data together suggest sex dimorphism concerning differ-
ent outcomes related to neonatal leptin administration. The
measurement of leptin and estrogen levels should contribute
to a better understanding of the mechanisms underlying these
findings. Although the lack of these data constitutes limitations,
it does not compromise the relevance of them. Besides, cardiac
outcomes were similar comparing female Leptin and Control
groups independent of the age. Literature also reports that
sex differences may be related to sex chromosomes, products
of genes located on the X and Y chromosomes, not only to
gonadal hormones63–66.

In conclusion, this study suggests that female Wistar rats are
less susceptible to cardiac programming due to neonatal leptin
administration than male rats, contributing to a neglected research
area named Gender Medicine. Further studies are welcome to
investigate better sex differences and the underlying cardiac struc-
ture and function preservation mechanism in female rats.
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