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A B S T R A C T

Aims: Obesity is associated with innumerous comorbidities, including cardiovascular diseases, that occur by
various mechanisms, including hyperactivation of the renin angiotensin system, oxidative stress and cardio-
vascular overload. Postnatal early overfeeding (PO) leads to metabolic imprinting that induces weight gain
throughout life, and in this paper, we aimed to evaluate cardiovascular parameters and cardiac molecular
changes due to obesity induced early in life by PO.
Main methods: Male Wistar rats (120-days-old), raised in normal (NL) or small litters (SL), were submitted to
cardiac assessment by transthoracic echocardiography and blood pressure evaluation. Thereafter, the hearts and
aorta rings from these animals were submitted to ex-vivo isolated assays. Still, cardiac morphological and mo-
lecular analyses were performed.
Key findings: PO induced ventricular hypertrophy, raised blood pressure, increased fibrosis, and ex-vivo cardiac
dysfunction in the SL group. Furthermore, SL animals presented impaired vascular relaxation and increased
vascular constriction responses. Besides functional alterations, SL animals presented augmented RAB-1b and
SOD-1, despite no changes in RAS receptors expression or Akt/eNOS pathway.
Significance: Taken together, our results consolidate the knowledge that the PO during lactation is critical for
cardiometabolic programming, leading to oxidative stress and cardiac remodeling in later stages of life.

1. Introduction

Metabolic syndrome (MS) is considered a worldwide pandemic. The
prevalence of metabolic syndrome, mainly associated with hyperten-
sion, grows amazingly, exceeding the first World Health Organization
estimates made in the early 2000s, with predictions up to 35% higher
than the WHO estimates for obesity in 2030 [1–3]. The criteria that
define the metabolic syndrome consider obesity comorbidities such as
visceral fat excess, dyslipidemia and hypertension [4]. In addition, the
main factor that contributes to the homeostatic imbalance during MS is
the increased body adiposity.

White adipose tissue plays a fundamental role in the obesity-linked
alterations. In addition to the energy storage function in the form of
triglycerides, it can regulate food behavior, energy balance, vascular-
ization, and others, through hormones and adipokines [5–7]. When
adiposity increases, several alterations occur in the morphology of
adipose tissue, increasing the secretion of adipokines, which assume a
pro-inflammatory profile, attracting immune cells and come into a vi-
cious cycle [8,9]. Studies have shown that this pro-inflammatory state
contributes to the development of cardiovascular diseases, and stabl-
ishes the relationship between obesity-related effects and probably
changes in the Renin Angiotensin System (RAS) [6,8,10–13], and
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impaired insulin sensitivity [14–16].
Cardiac remodeling may be a consequence of activation of RAS,

through mitogen-activated Protein Kinases (MAPK), which activate
signaling cascades related to cell proliferation and extracellular matrix
deposition. Animals whose cardiac local RAS is overactivated devel-
oped ventricular hypertrophy, independent of hypertension [17]. This
hypertrophy is reflected mainly in cardiac diastolic dysfunction [18].
Moreover, pro-inflammatory profile promote dysfunctional vessels
which contribute to increases in blood pressure and cardiac remodeling
through augmented post-load, hypertrophy and subsequently higher
oxidative stress in the heart [14,19–21].

Furthermore, obesity can be induced in different stages of life,
malprogramming the metabolism of diverse organs [22–25]. Epigenetic
modifications can occur due to various insults to homeostasis, mainly in
critical periods of life, such as fetal period, lactation, and puberty
[26,27]. Many studies have focused on the effects of metabolic pro-
gramming due to disturbances in uterine life [26,28,29] and lactation
[30,31]. The animal model of obesity induced by postnatal early
overfeeding (PO) through small litter (SL) mimics childhood and ju-
venile obesity and its effects in adult life, with well-established effects,
such as increased adiposity and body weight [24,32]. It was observed
that PO animals developed early cardiac epigenetic alterations [32] and
increased oxidative stress [23,33]. Additionally, PO impaired cardiac
function in aged rats [34].

Although several studies address the cardiovascular alterations due
to obesity, few propose to evaluate the differences on cardiac function
in presence or absence of neuroendocrine contributions. In this sense,
the aim of our study was to evaluate the effects of early obesity meta-
bolic inset, caused by PO, on cardiovascular parameters such as cardiac
function and morphology, and vascular contractility in adult postnatal
overfed male Wistar rats.

2. Material and methods

The handling of animals and experimental procedures were done
according ARRIVE guidelines, National Council of Animal Experiments
Control (CONCEA) and the Brazilian Society of Science in Laboratory
Animals (SBCAL), and approved by ethics committee of use of animals
in research of Federal University of Goiás, under protocol 043/17.

2.1. Animal model

Female and Male Wistar rats aged 70-days-old, from Animal Facility
House of Federal University of Goiás, were housed on the Animal
Facility house of the Department of Physiological Sciences of Federal
University of Goiás, in polypropylene cages (45× 30×15 cm) at
controlled temperature (23 ± 2 °C) and light-dark cycle
(07:00–19:00). After one week of adaptation, the animals were mated
in a ratio of two females (n= 20) to each male (n= 10). Pregnant
Wistar rats were housed in individual polypropylene cages with free
access to water and food throughout pregnancy and lactation periods.

At delivery, dams were randomly divided in two groups, normal
litter (NL – n=10) and small litter (SL – n=10). At third postnatal day
(PN), NL litters were adjusted to 9 pups and SL litters were adjusted to 3
pups [20]. At PN21 offspring from both litters were weaned (n=30
male rats per group). After weaning, offspring were housed in collective
polypropylene cages (3 animals per cage). For both groups were pro-
vided ad libitum access to water and standard chow (Nuvilab, Colombo,
Paraná, Brazil) from PN21 until PN120. During suckling period, off-
spring were weighted at PN 3, 7, 14 and 21. After weaning, food intake
and body weight were measured weekly.

2.2. Echocardiography

At 120-day-old some offspring, from both groups (n=5 animals
from different litters per group) were anesthetized with

ketamine+ xylazine (80mg+5mg/kg of BW i.p.; Syntec, São Paulo,
Brazil), and submitted to transthoracic echocardiography using an ul-
trasound system equipped with a 12MHz transducer (GE HealthCare,
Chicago, IL, USA). Left Ventricular (LV) internal diameters (LVID),
Interventricular septum thickness (IVS), and LV Posterior Wall thick-
ness were analyzed in diastole and systole (LVPW). End-diastolic and
End-systolic volumes (EDV; ESV), Systolic Volume (SV), Ejection
Fraction (EF) and Fractional shortening (FS) were calculated through
algorithms of the equipment software. Also, through a 7MHz Doppler
transducer, the isovolumetric relaxation time (IVRT) was assessed. All
parameters were measured at least three times per animal and was
compared between the groups.

2.3. In vivo cardiovascular parameters measurement

At PN119, not fasted animals of each group (n= 6 animals from
different litters per group) were anesthetized with Ketamine and
Xylazine (100mg (K)+ 10mg (X) /Kg BW; Syntec, São Paulo, Brazil)
and submitted to a surgical procedure to implant a heparinized saline-
filled polyethylene catheter (50 U/mL, Hepamax, Blau
Pharmaceuticals, Cotia, SP, Brazil) into the abdominal aorta through
the right femoral artery for recording blood pressure (BP) and heart rate
(HR). After 24 h of catheter implant, at PN120, cardiovascular para-
meters were recorded in conscious animals. BP signal was obtained by
connecting the arterial catheter to a pressure transducer (MLT0699,
ADInstruments, Bella Vista, Australia) coupled to an analog amplifier
(Bridge Amp, FE221, ADInstruments, Bella Vista, Australia). Data were
acquired at a frequency of 2 KHz using an analog/digital converter
(PowerLab 4/25, ML845, ADInstruments, Bella Vista, Australia).
Systolic Blood Pressure (SBP), Diastolic Blood Pressure (DBP) and Mean
Arterial Pressure (MAP), and HR were obtained from the BP signals,
with algorithms performed by software (LabChart 7 v7.3.7;
ADInstruments, Bella Vista, Australia). The analysis was performed
after a period of approximately 30min, after stabilization of both
parameters.

2.4. Isolated heart preparation

Another batch of adult rat offspring (n=5 animals from different
litters per group) were decapitated and the hearts were perfused ac-
cording to Langendorff technique. After trunk opening, the heart was
excised and perfused through the aortic stump with Krebs-Ringer so-
lution (118mM NaCl, 4.7mM KCl, 1.25mM CaCl2·2H2O, 1.20mM
MgSO4·7H2O, 1.20mM KH2PO4, 26.5 mM NaHCO3 and 11.7mM glu-
cose) at 37 °C with constant oxygenation (5% CO2 and 95% O2). A
water filled balloon was inserted into the left ventricle and connected to
a pressure transducer coupled to a data acquisition system (DataQ
Instruments, USA), to acquire intraventricular pressure (IVP). The
maximal rate of left ventricular pressure rise (max dP/dt), maximal rate
of left ventricular pressure decline (min dP/dt) and heart rate (HR)
values were calculated from IVP. The perfusion flow was adjusted to
keep the perfusion pressure between 60 and 110mmHg. Thereafter,
the flow was maintained constant and the coronary vascular resistance
(CVR) was calculated by the ratio of the perfusion pressure and cor-
onary flow and normalized by the heart weight. The perfusion pressure
was monitored through a transducer connected in parallel to the per-
fusion system. The sample rate was 1 kHz, and the data passed through
a low-pass filter of 50 Hz to minimize interferences from power source.
After a basal period (30 to 40min), the hearts from NL and SL offspring
were perfused for an additional 15min with Krebs-Ringer solution to
IVP, Maximum and Minimum dP/dt, Perfusion Pressure (PP), and HR
assessment. At the end of experimental protocol, left ventricle was
dissected and its mass normalized by tibia length, resulting in the
ventricular mass index (VMI).
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2.5. Isolated aortic ring preparation and vasocontractility procedures

Thoracic aorta rings (4mm), from animals used in the isolated heart
experiment, were placed in 10mL organ baths at 37 °C containing
gassed (95% O2 and 5% CO2) Krebs-Henseleit solution (118mM NaCl,
4.6 mM KCl, 3.3 mM CaCl2·2H2O, 2.4mM MgSO4·7H2O, 0.9mM
KH2PO4, 24.9 mM NaHCO3, 11.1 mM Glucose). Two of the rings had
the endothelium removed (E−) by gently rubbing the intimal surface
with the support hook itself, and two had the endothelium preserved (E
+). Isometric force was evaluated using a force transducer connected to
a data acquisition system (DataQ Instruments, USA). After preparation,
the rings were initially stretched until the resting tension reached 1.5 g
and allowed to equilibrate for 1 h, and readjusted to 1.5 g if necessary.
Endothelium-dependent relaxation was performed with Acetylcholine
(ACh; 10 μM) after pre-contraction with Phenylephrine (Phe; 0.1 μM) to
evaluate the endothelium viability. The integrity of the endothelium
was observed in the rings that achieved contraction> 60% of basal
value, and relaxation above 80% of maximum contraction. After via-
bility test, a 30-minute period for the stabilization of the preparation
and exchange of nutrient solution, a pre-contraction of aorta rings was
performed (Phe; 0.1 μM). Then, the E+ preparations were submitted to
the concentration curve of ACh (−9; −8.5; −8; −7.5; −7; −6.5; −6;
−5.5 and − 5 Logmol/L), and the E− were submitted to the con-
centration curve of Sodium Nitroprusside (−11; −10.5; −10; −9.5;
−9; −8.5; −8; −7.5; −7; −6.5; −6.5.5 and − 5 Logmol/L).
Relaxant responses were analyzed individually. Following the evalua-
tion of relaxation, after a new period of 30min for stabilization of the
preparation and exchange of the nutrient solution, E− contractile re-
sponse was assessed thought a concentration curve of Phe (−9; −8.5;
−8; 7.5; −7; −6.5; −6; −5.5; −5 Logmol/L).

2.6. Euthanasia and samples collection

At PN120, at the end of the experimental period, after a 12-hour
fast, another batch of animals (n= 10 animals from different litters to
each group) were anesthetized with Thiopental Sodium plus Lidocaine
(40mg/kg of BW, i.p.; Thiopentax, Cristália, Brazil; 1 mg/kg of BW, i.p.;
Cristália, Blau Pharmaceuticals, Cotia, SP, Brazil) and euthanized by
exsanguination for blood, heart, tibia and retroperitoneal, periepidi-
dymal and mesenteric white adipose tissue (WAT) samples collection.
Heart and WAT samples were weighed, and tibia were measured. Blood
samples were centrifuged for plasma collection (1500g, for 15min), and
plasma stored at −20 °C for further analysis.

2.7. Biochemical assays

Plasma levels of Triglycerides, Total Cholesterol and HDL
Cholesterol were measured by enzymatic-colorimetric methods (Gold
Analisa, Belo Horizonte, Minas Gerais, Brazil) with commercial kits,
following the manufacturer's information. Results were expressed as
mg/dL. LDL fraction of cholesterol were estimated according
Friedewald et al. [35] (LDL=CT− [HDL+ {TGC / 5}]), and results
were expressed in mg/dL.

2.8. Histological analysis

Heart samples were fixed in formalin solution (10%) and included
in histological paraffin (Histopar, Easypath, São Paulo, Brazil).
Subsequently, samples were sectioned on a microtome (RM2245, Leica
Microsystems, Wetzlar, Germany) in non-serial cuts of 6 μm thickness
and stained with Picrosirius Red and counter-stained with Hematoxylin.
Photomicrographs were made in a light microscope coupled to a digital
camera (DM500 plus ICC50 HD, Leica Microsystems, Wetzlar,
Germany), amplified 1000× for the measurement of left ventricle
cardiomyocytes (100 cardiomyocytes/group), 100× for measurement
of perivascular fibrosis (25 images/group), and 100× for interstitial

fibrosis (50 images/group). Photomicrographs of transverse sections of
left ventricular cardiomyocytes were analyzed. The distance between
the upper and lower parts of the plasmatic membrane was measured at
the height of the nucleus of each measured cardiomyocyte. The mean
and standard error of cardiomyocyte diameter were calculated for each
animal, and the results compared between the groups.
Photomicrographs containing collagen marking in fields where cross-
sectional arterioles exist were analyzed. The perivascular fibrosis index
(PFI) was determined by the division of total fibrosis area and the area
of vessel lumen. Interstitial Fibrosis was analyzed by stereology, using a
mesh made up of 300 test points. Interstitial fibrosis percentage was
estimated by the ratio between the number of points that hit the red
marked collagen and total test points. The mean and standard error of
the mean of the PFI and Interstitial Fibrosis percentage for each animal
were calculated, and the results compared between the groups.
Cardiomyocytes diameter and PFI analyses were performed using ICY
software (Institut Pasteur, Paris, France). Interstitial Fibrosis was per-
formed using Image Pro Plus v6 (Media Cybernetics, MD, USA).

2.9. Western blot

Left Ventricle Samples (n=4 animals from different litters to each
group) were homogenized in lysis buffer (PBS [137mM NaCl, 2.4 mM
KCl, 10mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4], 8.8mM IGEPAL CA-
630, 12mM Sodium Deoxycholate, 3.47mM SDS, 2mM Na3VO4, 1mM
PMSF, 2.34 μM Leupeptin, 0.154 μM Aprotinin, 1.45 μM Pepstatin) in a
glass homogenizer at 4 °C. Tissue extracts were centrifuged at
10,000 rpm at 4 °C for 20min to precipitate insoluble material and
collection of the supernatant. After centrifugation, supernatant total
protein content was quantified by the Bicinchoninic Acid method
(Sigma-Aldrich, Missouri, EUA), according manufacturer instructions.
The samples were denatured in Laemmli buffer (50mM Tris-HCl,
pH 6.8, 10% Glycerol, 2% SDS, 1% 2-mercaptoethanol, 0.001% bro-
mophenol blue) and heated at 95 °C for 3min. Aliquots of 40 μg of
proteins from each sample were subjected to separation by SDS-PAGE.
The efficiency of the separation was accompanied by a positive control
with pre-determined staining (Precision Plus Protein Standards, Bio-
Rad, Hercules, CA, USA). Separated proteins on the gel were transferred
to nitrocellulose membranes (Amersham Protran, GE Healthcare, Little
Chalfont, BUX, UK) in a wet transfer system, soaked in transference
buffer (20% Metanol, 0.1% SDS, 0.25mM Tris, 0.19mM Glycine). The
membranes were incubated with a blocking solution (5% skim pow-
dered milk, 10mM Tris, 150mM NaCl, 0.02% Tween 20) under mild
agitation for 90min at room temperature, and subsequently incubated
with primary antibodies listed in Table 1. Then, the membranes were
gently washed (3× 5min; 10mM Tris, 150mM NaCl, 0.02% Tween
20) and incubated with the manufacturer specific HRP-conjugated
secondary antibody (Table 1) for 90min, and covered with chemilu-
minescence detection solution (Amersham ECL, GE Healthcare, Little
Chalfont, BUX, UK). The chemiluminescence was detected by an image
documentation system (ImageQuant LAS 4000 series, GE Healthcare,
Chicago, IL, USA), and images were captured. The intensity of the
bands was quantified by relative optical density using FIJI software
(ImageJ, NIH, Cambridge, MA, USA). GAPDH (Glyceraldehyde-3-
Phosphate Dehydrogenase) was used as load control.

2.10. Statistical analysis

Data are expressed as Mean ± Standard Error of Mean (M ± SEM).
To compare differences between groups, unpaired Student's t-test was
used, and level of significance was set at p < 0.05. To compare the
differences in body weight, food intake and concentrations of drugs on
vasocontractility responses in aortic rings, Two-Way ANOVA was used,
followed by the Sidak post-hoc test, with level of significance was set at
p < 0.05. Prism 6 version 6.01 software (GraphPad, San Diego, CA,
USA) was used for data analysis and build graphics.
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3. Results

3.1. Effects of postnatal early overfeeding on biometrical and biochemical
parameters

SL offspring presented higher body weight from seventh PN day
until PN120 compared to NL offspring (p < 0.05; Fig. 1A and B). In
addition, food intake of SL animals was higher throughout the experi-
mental period after weaning (Fig. 1C). Furthermore, the area under
curve of food intake was higher in SL offspring than NL offspring (NL
313.2 ± 4.1 vs SL 343.4 ± 6.3 A.U.; p= 0.0014; Fig. 1D). None-
theless, the SL group had greater adiposity (NL 0.0311 ± 0.002 vs SL
0.0456 ± 0.004 g/BW; p < 0.01; Fig. 1E), including mesenteric (NL
0.0072 ± 0.001 vs SL 0.0103 ± 0.001 g/BW; p=0.0142; Fig. 1F)
WAT mass. The hearts mass, normalized to tibia length, of the SL group
were approximately 13% heavier than those of their controls (NL
0.316 ± 0.009 vs SL 0.356 ± 0.007 g/BW; p=0.0049; Fig. 1G). In
addition, SL animals presented high tibia lengths (NL 3.968 ± 0.0190
vs SL 4.060 ± 0.0356 cm; p= 0.0288; Fig. 1H).

Despite, no differences in total cholesterol (NL 52.4 ± 3.8 vs SL
63.7 ± 5.6mg/dL; p=0.1245; Fig. 1J), and estimated LDLc (NL
23.2 ± 2.9 vs SL 30.5 ± 5.7mg/dL; p=0.2791; Fig. 1L), SL group
had altered lipid profile, with increased plasma triglycerides (NL
39.3 ± 2.4 vs SL 46.5 ± 1.3mg/dL; p= 0.0189; Fig. 1I) and lower
HDLc levels (NL 26.1 ± 1.1 vs SL 19.4 ± 1.1mg/dL, p=0.0019;
Fig. 1K).

3.2. Effects of postnatal early overfeeding on cardiac function, morphology
and angiotensin receptors expression

Postnatal Overfeeding increased IVS thickness during the diastole
(NL 0.13 ± 0.008 vs SL 0.16 ± 0.005 cm; p=0.0326; Fig. 2A) and
during the systole (NL 0.16 ± 0.013 vs SL 0.25 ± 0.011 cm;
p=0.0018; Fig. 2A) in SL offspring in relation to NL animals. Similarly,
LVPW was 21% higher in SL offspring during the diastole (NL
0.14 ± 0.004 vs SL 0.17 ± 0.009 cm; p= 0.0248; Fig. 2B) and 27%
higher during the systole (NL 0.22 ± 0.01 vs SL 0.28 ± 0.02 cm;
p=0.0447; Fig. 2B) as compared to NL offspring. However, SL off-
spring did not present differences in LVID, SV, EF, FS, TRIV and HR
(Fig. 2C–I).

Table 2 shows the effect of PO on blood pressure parameters un-
anesthetized rats. SL animals presented higher values of mean arterial
pressure characterized by an increase in both systolic and diastolic
components, no differences were observed in heart rate.

As observed in Fig. 3, PO decreased End Ventricular Systolic Pres-
sure (EVSP; NL 130.3 ± 4.93 vs SL 103.8 ± 4.48mmHg; p=0.0061;
Fig. 3A), max dP/dt (NL 3622 ± 135.6 vs. SL 2848 ± 159.1;
p=0.0074; Fig. 3B) min dP/dt (2443 ± 63.2 vs SL 1909 ± 121.3;
p=0.0042; Fig. 3C), and CVR (NL 2.893 ± 0.1594 vs. SL

2.205 ± 0.2076mmHg/heart weight; p= 0.0316; Fig. 3E). In addi-
tion, SL offspring showed higher associated to a higher VMI (NL
0.18 ± 0.03 vs SL 0.29 ± 0.01 g/cm; p= 0.0234; Fig. 3F), when
compared to NL offspring. No changes in HR was observed (NL
264.7 ± 7.7 vs SL 279.4 ± 8.3 bpm; p=0.2548; Fig. 3D).

Furthermore, SL offspring showed increase in cardiomyocyte dia-
meter (NL 12.9 ± 0.3 vs SL 14.0 ± 0.2 μm; p=0.0097; Fig. 4A)
compared with NL group. In addition, quantitative analysis shows sig-
nificant increase of the perivascular fibrosis index (NL 4.3 ± 0.4 vs SL
5.9 ± 0.4; p= 0.0291; Fig. 4D) and interstitial fibrosis (NL
7.77 ± 0.445 vs SL 9.79 ± 0.454%; p= 0.013; Fig. 4G).

To evaluate angiotensin signaling in the heart of adult offspring,
western blot analysis was performed. As shown in Fig. 6, postnatal
overfeeding induced no changes in AT1R (NL 100.0 ± 2.9 vs SL
99.6 ± 6.5% of control, p= 0.9631; Fig. 4J), AT2R (NL 100.0 ± 19.1
vs SL 113.4 ± 20.7% of control, p= 0.6517; Fig. 4K) or MASR (NL
100.0 ± 8.9 vs SL 103.7 ± 11.9% of control, p= 0.8104; Fig. 4L).

3.3. Effects of postnatal early overfeeding on Akt, eNOS, CAT, SOD-1 and
RAB1-b expression in the heart

Fig. 5 illustrates the effect of PO on Akt, eNOS, CAT, SOD-1 and
RAB1-b expression in the heart. Cardiac p-Akt/Akt ratio (NL
100.0 ± 1.6 vs SL 105.4 ± 2.5% of control, p= 0.1259; Fig. 5A) and
total Akt (NL 100.0 ± 7.6 vs SL 85.7 ± 3.9% of control, p= 0.1482;
Fig. 5B) expression were similar in both groups. Likewise, PO did not
change peNOS/eNOS ratio (NL 100.0 ± 5.0 vs SL 102.5 ± 7.9% of
control, p= 0.8008; Fig. 5C) and total eNOS content (NL 100.0 ± 5.2
vs SL 103.6 ± 12.3% of control, p= 0.7948; Fig. 5D). CAT content was
not different (NL 100.0 ± 4.0 vs SL 98.4 ± 6.9% of control,
p= 0.8446; Fig. 5F). However, PO increases SOD-1 (NL 100.0 ± 2.4 vs
124.2 ± 10.5% of control; p= 0.0476; Fig. 5E) and RAB-1b (NL
100.0 ± 1.4 vs SL 115.9 ± 5.9% of control, p= 0.0405; Fig. 5G) ex-
pression in the heart from SL animals.

3.4. Effects of postnatal early overfeeding on aortic vascular reactivity

The endothelium-dependent vascular relaxation response to Ach
was significantly reduced in aortic rings from SL rats at concentrations
between −6.5 and − 5.5 Logmol/L compared with NL rats (Fig. 6A).
However, non-endothelium-dependent vascular relaxation response to
sodium nitroprusside was the same in both groups (Fig. 6B). Interest-
ingly, contractile response to phenylephrine was increased in aortic
rings from SL animals (Fig. 6C).

4. Discussion

In this study, we demonstrated that PO lead to changes in func-
tional, morphologic and molecular parameters in the hearts of adult

Table 1
List of antibodies used for western immunoblotting.

Antibody Manufacturer and catalog # Source Dilution

Anti-AT1R Santa Cruz, CA, USA (SC-515884) Mouse monoclonal 1:1000
Anti-AT2R Booster, CA, USA (M00432) Rabbit monoclonal 1:1000
Anti-MAS1 Santa Cruz, CA, USA (SC-390453) Mouse monoclonal 1:1000
Anti-pAKT (Ser473) Cell Signaling, MA, USA (9271S) Rabbit polyclonal 1:1000
Anti-AKT Cell Signaling, MA, USA (9272S) Rabbit polyclonal 1:1000
Anti-pENOS (Thr495) Cell Signaling, MA, USA (9574S) Rabbit polyclonal 1:1000
Anti-ENOS Cell Signaling, MA, USA (9752S) Rabbit polyclonal 1:1000
Anti-CAT LifeSpan, WA, USA (LS-C21346) Rabbit polyclonal 1:1000
Anti-SOD-1 Santa Cruz, CA, USA (SC-11407) Rabbit polyclonal 1:200
Anti-RAB1-B Santa Cruz, CA, USA (SC-599) Rabbit polyclonal 1:1000
Anti-GAPDH Santa Cruz, CA, USA (SC-25778) Rabbit polyclonal 1:1000
Anti-Rabbit IgG-HRP Santa Cruz, CA, USA (SC-2004) Goat 1:2000
Anti-Mouse IgG-HRP Santa Cruz, CA, USA (SC-2005) Goat 1:2000
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Fig. 1. Effects of postnatal early overfeeding on biometrical and biochemical parameters. Body weight before weaning (A), body weight after weaning until PN120
(B), curve of food intake (C), area under curve (AUC) of food intake (D). Data are presented as the mean ± SEM. Unpaired Student's t-test (n= 8–10 litters per
group). *p < 0.05, **p < 0.01 and ***p < 0.001 vs NL. Periepididymal (E), retroperitoneal (F) and mesenteric (G) adipose tissue, heart weight (H), tibia length
(I), triglycerides (J), total cholesterol (K), HDLc (L) and LDLc (M). Data are presented as the mean ± SEM. Unpaired Student's t-test (n= 8–10 animals from different
litters per group). *p < 0.05 and **p < 0.01 vs NL.
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male Wistar rats. Moreover, we observed endothelial dysfunction, with
impaired relaxation and intensified contractile responses. To the best of
our knowledge, this study shows for the first time the presence of ex
vivo impaired cardiovascular function with in vivo compensated func-
tion in postnatal overfed adult Wistar rats.

Obesity is admittedly a chronic multifactorial disease, which favors
the installation of other diseases, or may be an effect of other diseases.

Long-term changes in lipid profile, inflammatory state and insulin
homeostasis have been correlated with high death rates caused by
cardiovascular diseases [36]. Obesity study models commonly use
macronutrient-rich diets to induce an increase in body adiposity,
especially a high-fat diet [11,22,37]. In our study, we used the PO
model, which induces hyperphagia, overweight and high body adip-
osity, from earliest stages of lactation to adulthood [38,39]. As ex-
pected, PO significantly altered body weight of SL animals throughout
the experimental period, from the second week of life. The mechanisms
that may explain the increase of body mass in the lactation phase are
the decrease of competition, and changes in the composition of the
dam's milk [38,40]. In this sense, Cancian et al. [40] analyzed the ef-
fects of small litter on the dam's breast milk composition, which cause
alterations in milk lipid, caloric and protein content. Conversely, our
group recently published a study where lactating dams were fed with
cafeteria-style diet during the lactation period, promoting increased
levels of glucose, triglycerides and cholesterol in the milk, which pro-
grammed an obese phenotype in the adult offspring due to hypotha-
lamic alterations and regulating food intake, reinforcing the importance
of the breast milk composition in this period of development [22].

Another consequence of PO is the increase in white adipose tissue

Fig. 2. Effects of postnatal early overfeeding on in vivo cardiac morphologic and functionally parameters. Diastolic and systolic thickness of interventricular septum
(A), left ventricular posterior wall during systole and diastole (B), estimations of left ventricle internal diameter (C), end diastolic and systolic volumes (D), systolic
volume (E), ejection fraction (F), fractional shortening (G), Doppler-based assessment of isovolumetric relaxation time (H), heart rate (I) and representative images of
echocardiography of NL and SL animals (J), red lines – limits of LVPW, blue lines – limits of IVS; yellow lines – measurement example. Data are presented as the
mean ± SEM. Unpaired Student's t-test (n= 6 animals from different litters per group). *p < 0.05 and **p < 0.01 vs NL. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Effects of postnatal early overfeeding on blood pressure and heart rate.

Parameter Group p value

NL SL

DBP mmHg 87.1 ± 0.67 95.7 ± 2.00 0.0017 **
MAP mmHg 100.0 ± 0.53 105.5 ± 2.09 0.0206 *
SBP mmHg 121.3 ± 0.44 135.4 ± 1.30 <0.0001 ****
HR bpm 332 ± 7.03 331 ± 7.21 0.8914 n.s.

Data are presented as the mean ± SEM. DAP, Diastolic Blood Pressure; MAP,
Mean Arterial Pressure; SAP, Systolic Blood Pressure; HR, Heart Rate. Unpaired
Student's t-test (n=6 animals from different litters per group).
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stocks due to persistent hyperphagia, which contributes to the im-
balance of metabolism, inflammation and raised blood pressure
[13,36,41,42]. WAT plays a key role in the endocrine system, secreting
both intrinsic hormones, called adipokines, and hormones specific to
other metabolic pathways, such as angiotensinogen (AGT) [5,11]. In
this work, SL group shows higher adiposity, predominantly mesenteric
adipose tissue, and dyslipidemia. Visceral adiposity is frequently cor-
related with metabolic impairment and dyslipidemia, which promotes a
vicious cycle involving lipid accumulation, inflammation, adipocyte
dysfunction and AGT overproduction [3,24,32,43].

The role of obesity and AGT overproduction in WAT dysfunction,
insulin resistance and genesis of hypertension is not complete under-
stood [6,11,44,45], but is correlated to circulating Angiotensin II levels
in obese people [13]. Hypertension causes serious risks to cardiovas-
cular health, promoting changes in cardiac morphology due to me-
chanic stress or epigenetic alterations, vasomotor responsiveness im-
pairment, or other hemodynamic modifications, which may lead to
heart failure [7,18].

SL animals present cardiac hypertrophy without functional impair-
ment in vivo. However, ex vivo the same hearts showed lower maximum
and minimum dP/dt, reduced intraventricular systolic pressure and
CVR in the isolated heart preparation. Additionally, SL animals pre-
sented raised both systolic and diastolic blood pressure without changes
in HR. Other studies evaluated the cardiovascular alterations promoted
by PO. Moreira et al. [46] showed that SL animals present early ven-
tricular hypertrophy and reduced myocardial vascularization. Simi-
larly, Ha et al. [41] presented that heart cells of PO young rats were not
only more prone to apoptosis, but also more susceptible to replication.
Still, Granado et al. [47] reported that hearts of PO animals were more
susceptible to ischemia/reperfusion damage, and present contractile

deficit due to increased apoptosis. In addition, in our study, adult SL
animals presented cardiomyocyte hypertrophy, which is reported in
other stages of life [32,34,41]. Our results suggest that SL group is in
the compensatory phase of raised arterial pressure, in which extrinsic
mechanisms, probably sympathetic nervous system, seem to influence
positively the cardiac output.

Other common manifestation of PO on cardiac tissue is the higher
collagen deposition, probably due to activation of pro-inflammatory
and hypertrophic pathways, such as Reactive Oxygen Species (ROS)
mediated pathways [12,48]. In this study, we showed that the hearts of
SL rats present higher collagen deposition in both interstitial and
perivascular areas, this data is in agreement with the decreased con-
tractile function observed in the isolated hearts. Indeed, increased SOD-
1 expression, with no differences in CAT expression or Akt/eNOS
pathway, suggests impaired protection against oxidative stress.

Despite morphological and oxidative stress alterations, the expres-
sion of the main receptors of the RAS signaling was not modified in the
heart of SL animals. The protein quantification reported in our study is
in agreement with the quantifications of gene transcription reported by
Granado et al. [47], in which there was no difference in the gene ex-
pression for AT1 and AT2 receptors. Here, the expression of MASR was
evaluated in PO animals at adulthood, revealing for the first time, that
not only the absence of changes in AT2R expression occurs. In this
sense, epigenetic alterations must be the major cause of cardiac al-
terations due to PO. Although no changes in RAS in the adult heart of
PO animals, early alterations in local RAS of young PO rats promotes
Renin and AT2R upregulation at 28th day of life, that could attempt to
protect the heart against PO negative effects [41]. RAB1 is closely re-
lated to the transport of receptors involved in the regulation of cardiac
function and morphology and even in the response to activation of

Fig. 3. Effects of postnatal early overfeeding on ex vivo cardiac function. End Ventricular Systolic Pressure (A), maximal rate of left ventricular pressure rise (B),
maximal rate of left ventricular pressure decline (C), heart rate (D), coronary vascular resistance (E) and ventricular mass index (F). Data are presented as the
mean ± SEM. Unpaired Student's t-test (n=5 animals from different litters per group). *p < 0.05 and **p < 0.01 vs NL.
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these receptors, such as AT1R and adrenergic receptors [49–51]. In-
terestingly, despite the increase in RAB-1b expression and cardiac re-
modeling, there was no difference in the expression of AT1R receptors

in the left ventricle of the SL animals, which may indicate the activation
of other receptors that can mediate the remodeling [51].

In parallel to morphological changes, metabolic impairment due to

Fig. 4. Effects of postnatal early overfeeding on cardiac morphology parameters and angiotensin receptors expression in the heart. Cardiomyocyte diameter (A) and
representative photomicrographs (×1000 magnification, scale bars= 25 μm) showing cardiomyocytes transversal sections from NL (B) and SL (C) animals stained
with picrosirius red and hematoxylin. Perivascular fibrosis index (D) and representative photomicrographs (×400 magnification, scale bars= 50 μm) showing
ventricular vessels transversal sections from NL (E) and SL (F) animals stained with picrosirius red and hematoxylin. Interstitial fibrosis (G) and representative
photomicrographs (×100 magnification, scale bars= 250 μm) showing longitudinal sections of left ventricles from NL (H) and SL (I) animals stained with picrosirius
red and hematoxylin. Data are presented as the mean ± SEM. Unpaired Student's t-test (n= 5 animals from different litters per group). *p < 0.05 and **p < 0.01
vs NL. Black arrows indicate picrosirius stained collagen. Western blot analysis of AT1R (J), AT2R (K) and MASR (L). Representative immunoblots are show below the
graphs. Data are presented as the mean ± SEM of each group, normalized to GAPDH density. Unpaired Student's t-test. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Effects of postnatal early overfeeding on Akt, eNOS, CAT, SOD-1 and RAB1-b expression in the heart. Western blot analysis of pAkt/Akt (A), total Akt (B),
peNOS/eNOS (C), total eNOS (D), CAT (E), SOD-1 (F) and RAB-1b (G). Representative immunoblots are show on the up-right corner. Data are presented as the
mean ± SEM of each group, normalized to GAPDH density. Unpaired Student's t-test. *p < 0.05 vs NL.
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insulin resistance occurs in cardiac tissue, which may contribute to the
contractile alterations observed in our study and in other studies
[16,52]. Insulin resistance also is a detrimental factor in vascular
function, which decreases the endothelial-dependent relaxant response,
and contributes to increased ROS formation and raised blood pressure
[15,21]. In this sense, Novo et al. [14] correlated several metabolic and
cardiovascular parameters, finding positive values for the correlation
between insulin resistance and arterial stiffness, and between insulin
resistance and left ventricular hypertrophy. Thus, the mechanisms by
which cardiac remodeling occurs appear to be related to pressure
overload due to endothelial dysfunction, and changes in the phenotype
due to metabolic malprogramming.

Certainly, one of the most influential parameters in systolic blood
pressure is the post-load, characterized mainly by systemic vascular
resistance (SVR). In turn, SVR is could be caused by deficiency in va-
somotor responses, especially to relaxation stimuli. Here, aortic rings
from SL animals had a lower acetylcholine-mediated vasorelaxation,
but without significant changes in the response to sodium nitroprusside
(NPS). Despite these data suggest the presence of endothelial dysfunc-
tion, the coronary vascular resistance was lower in SL than in NL group.
The difference in the response between aorta and coronary bed can be
due to the functional difference among the vessels, since aorta is known
as conductance artery while, in isolated hearts, it was evaluated a re-
sistance vascular bed. However, this parameter should be addressed
properly by future studies. Similar studies showed the vascular dys-
function in PO animals. Sánchez-García et al. [19] showed that aorta of
PO animals present more collagen and elastic fibers content. The va-
sodilatory responses to NPS are a result of the direct action of nitric
oxide (NO) on the contractile machinery, unlike the action of ACh that
acts in the stimulation of the enzyme eNOS (endothelial nitric oxide
synthase) from the influx of Ca2+ ions by the ionotropic receptor of Ach
[53]. Thus, eNOS impairment in the vascular endothelium of the SL
group probably mediates the lower relaxation results observed ex vivo,
together with a greater responsiveness to the adrenergic contractile
action also observed in ex vivo tests, compared to the respective con-
trols. As one, insulin resistance and ROS generation appear to promote
vascular dysfunction by reducing NO bioavailability in this animal
model. Our results consolidate the knowledge that the PO during lac-
tation is critical for cardiometabolic programming. This phenomenon is
mainly due to the vulnerability of the heart to environmental changes
during early life, leading to oxidative stress and cardiac remodeling.

5. Conclusion

Taken together, our data suggest that the SL animals have com-
pensated cardiovascular function and oxidative stress despite the of
cardiac remodeling, both results might be origin in increased body
adiposity, due to hyperphagic behavior and epigenetic alterations onset

during lactation. These data indicate that overnutrition during perinatal
life compromised cardiac function in adulthood, which turn into an
alert to take more care in early life, which ensure better health in the
later stages of life.
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