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Abstract: Early overnutrition is associated with cardiometabolic alterations in adulthood, likely
attributed to reduced insulin sensitivity due to its crucial role in the cardiovascular system. This study
aimed to assess the long-term effects of early overnutrition on the development of cardiovascular
insulin resistance. An experimental childhood obesity model was established using male Sprague
Dawley rats. Rats were organized into litters of 12 pups/mother (L12-Controls) or 3 pups/mother
(L3-Overfed) at birth. After weaning, animals from L12 and L3 were housed three per cage and
provided ad libitum access to food for 6 months. L3 rats exhibited elevated body weight, along
with increased visceral, subcutaneous, and perivascular fat accumulation. However, heart weight at
sacrifice was reduced in L3 rats. Furthermore, L3 rats displayed elevated serum levels of glucose,
leptin, adiponectin, total lipids, and triglycerides compared to control rats. In the myocardium,
overfed rats showed decreased IL-10 mRNA levels and alterations in contractility and heart rate
in response to insulin. Similarly, aortic tissue exhibited modified gene expression of TNFα, iNOS,
and IL-6. Additionally, L3 aortas exhibited endothelial dysfunction in response to acetylcholine,
although insulin-induced relaxation remained unchanged compared to controls. At the molecular
level, L3 rats displayed reduced Akt phosphorylation in response to insulin, both in myocardial and
aortic tissues, whereas MAPK phosphorylation was elevated solely in the myocardium. Overfeeding
during lactation in rats induces endothelial dysfunction and cardiac insulin resistance in adulthood,
potentially contributing to the cardiovascular alterations observed in this experimental model.

Keywords: cardiovascular; aorta; insulin; obesity; overweight; childhood obesity

1. Introduction

The prevalence of obesity and its associated health complications has alarmingly
increased worldwide, becoming a significant challenge for health systems. The World
Health Organization (WHO) stated that the worldwide obesity prevalence approximately
tripled between 1975 and 2016, with almost 13% of the world’s adult population being
obese in 2016 [1]. In Europe, the WHO regional obesity report stated that in 2022, almost
60% of adults were overweight or obese [2], a trend that is predicted to keep growing in the
next years [3].

Several authors and experts have pointed out that one of the most worrying causes
of this increase is the high and growing prevalence of childhood obesity, a condition
that is associated with the development of obesity-related complications in the long term,
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such as metabolic and cardiovascular diseases [4,5]. In this regard, it is reported that
nutritional alterations in early life, including overnutrition, are associated with metabolic
disorders in adulthood [6] due to permanent changes in the central and peripheral systems
involved in energy homeostasis [7]. This phenomenon was first proposed by Anders
Fordsdahl in the “Adaptative phenotype theory”, which suggested that in response to an
unbalanced nutritional environment during the perinatal period, either overfeeding or
undernutrition, there are subsequent metabolic accommodations in the fetus/offspring [8,9].
This phenomenon has been widely studied in rodents, in which malnutrition during
early life induces crucial changes in hypothalamic structures like the arcuate nucleus,
affecting the response to metabolic hormones such as leptin or insulin [10] and producing
an impairment in the information about the nutritional status that reaches the central
nervous system [11,12].

It is reported that one of the most relevant consequences of overnutrition and obesity
during early life is the development of insulin resistance [6], a condition associated with
a decreased activation of the PI3K-Akt pathway in insulin-dependent tissues such as the
liver skeletal muscle and adipose tissue, which results in an impaired uptake and storage
of glucose, promoting hyperglycemia in the long term [13]. Moreover, since insulin also
triggers a wide range of cardiovascular effects under physiological conditions, insulin
resistance not only affects metabolic tissues but also the cardiovascular system [14].

In blood vessels, insulin exerts a vasodilator effect [15] and contributes to the mainte-
nance of endothelial function [16]. This effect is produced through the binding of insulin to
its receptor in both vascular endothelial cells and vascular smooth muscle cells (VSMCs),
which activates the PI3K-Akt pathway and promotes the phosphorylation of nitric oxide
synthase (NOS) and the release of nitric oxide (NO) [17]. Moreover, in VSMCs, insulin
directly decreases contractility by decreasing intracellular calcium concentration through
voltage-sensitive calcium channels [18]. However, insulin also activates the mitogen-
activated protein kinase (MAPK) pathway, which mediates the expression of adhesion
molecules such as VCAM-1 or E-selectin in the vascular endothelium and the release of the
vasoconstrictor peptide endothelin-1 (ET-1) [17]. In physiological conditions, the activation
of the PI3K-Akt pathway predominates over the activation of the MAPK pathway, so the
release of NO predominates over the release of ET-1. However, in the context of insulin
resistance, there is an impaired activation of the PI3K-Akt pathway, whereas the activation
of the MAPK pathway remains unaffected, thus producing a decrease in insulin-induced
vasodilation and contributing to the development of hypertension in the long term [17,19].

In the heart, insulin is also reported to exert vasodilating effects on coronary arteries,
producing an increase in myocardial blood flow [20]. Furthermore, in cardiomyocytes,
insulin stimulates glucose uptake and glycogen synthesis, exerts anti-apoptotic effects, and
increases heart contractility through the activation of the PI3K pathway [17]. The positive
inotropic effects of insulin are associated with the entrance of Ca2+ into cardiac myocytes
through voltage-dependent Ca2+ channels and reverse Na2+/Ca2+ exchange. Moreover, the
influx of Ca2+ stimulates an additional release of Ca2+ from the sarcoplasmic reticulum via
ryanodine receptors, which results in myofilament activation and contraction [17]. Thus,
under insulin resistance conditions, there is an impairment in the cardiac effects of insulin
producing, among other consequences, reduced contractility.

Finally, despite the described effects of insulin in arterial and myocardial functions,
insulin also exerts proliferative effects both in VSMCs and in cardiomyocytes through the
activation of the MAPK pathway, so in the context of insulin resistance, the maintained
activation of this pathway may lead to the thickening of the arterial wall and to ventricular
hypertrophy [21].

In a previous study, our group reported that overfeeding during lactation was associ-
ated with both cardiac and vascular insulin resistance in rats at weaning [22]. However,
the effects of early overnutrition on cardiovascular insulin sensitivity in the long-term
had not been explored yet. Thus, the aim of this study was to evaluate the effects of early
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overnutrition in the development of cardiovascular insulin resistance in adult male Sprague
Dawley rats.

2. Results
2.1. Body and Organ Weight

Body weight was measured at birth, at weaning (PDN21), and at the age of 6 months,
just before euthanasia. At birth, no significant differences were found between rats from
control (6.70 g ± 0.73) and reduced litters (7.02 g ± 0.50). However, a significant increase in
body weight was found in L3 rats compared to those raised in L12 both at PND21 and at the
age of 6 months (p < 0.05) (Figure 1A), as well as higher food intake in L3 rats (Figure 1B).
Likewise, a significant increase in the weights of visceral and subcutaneous fat, PVAT,
soleus, and the heart was also observed (p < 0.05) (Table 1).
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Figure 1. (A) Body weight gain over 6 months until sacrifice of control (n = 12) and overfed rats
(n = 9) and (B) respective mean amount of food intake per cage. Values are represented as Mean ± SD.
* p < 0.05 vs. L12.

Table 1. Organ weights. Data are presented as mean ± SEM. Control rats (L12): n = 10 and overfeed
rats (L3): n = 8. * p < 0.05 vs. L12, ** p < 0.01 vs. L12, *** p < 0.001 vs. L12.

L12 L3

Visceral Fat 1354.12 ± 51.9 1655.10 ± 110.9 ***

Subcutaneous Fat 504.27 ± 115.1 666.18 ± 143.3 **

Brown Fat 112.50 ± 28.6 115.55 ± 51.1

PVAT 16.26 ± 5.1 21.53 ± 2.2 *

Gastrocnemius 505.90 ± 12.7 491.43 ± 11.8

Soleus 39.50 ± 1.8 45.56 ± 1.4 *

Liver 2435.83 ± 59.3 2354.85 ± 51.2

Heart 432.24 ± 19.7 387.08 ± 10.6 *

2.2. Glycemia, Lipid Profile, and Plasma Concentrations of Metabolic Hormones: Insulin, Leptin,
and Adiponectin

Serum glucose levels were significantly upregulated in overfed rats compared to con-
trols, whereas insulin levels were unchanged between experimental groups (Figure 2A,B)
(p < 0.05). Leptin (Figure 2C) and adiponectin (Figure 2D) circulating levels were sig-
nificantly increased in the serum of L3 rats. Regarding lipid profile, total cholesterol
serum levels remained unchanged (Figure 2E) when L3 and L12 groups were compared;
meanwhile, c-HDL (Figure 2F) and c-LDL (Figure 2G) were significantly lower in overfed
rats compared to controls. However, the serum levels of total lipids (Figure 2H) and
triglycerides (Figure 2I) were significantly increased in rats from L3 in comparison to rats
from L12.
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Figure 2. Plasma measurements of glucose (mg/dL) (A), insulin (ng/mL) (B), Leptin (ng/mL)
(C), Adiponectin (ng/mL) (D), Total cholesterol (mg/dL) (E), HDL cholesterol (mg/dL) (F), LDL
cholesterol (mg/dL) (G), Total lipids (mg/dL) (H), and triglycerides (mg/dL) (I),in control rats (L12)
and in overfed rats (L3). Values are expressed as Mean ± SEM. * p < 0.05 vs. L12.

Additionally, the HOMA-IR was calculated, showing that L3 rats had a higher score
than L12 (0.9 L12 vs. 1.41 L3), which led to an expectation of decreased insulin sensitivity
in overfed rats.

2.3. Long-Term Cardiovascular Effects of Early Overnutrition
2.3.1. Myocardial Changes Triggered by Litter Reduction: mRNA Expression,
Hemodynamic Parameters, and Activation of Molecular Pathways

The myocardial expression of different genes related to both inflammation and oxida-
tive stress are shown in Table 2. There were only statistically significant differences in IL-10
mRNA expression.
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Table 2. mRNA levels of COX2, GRS, GPX3, TNFα, SOD1, iNOS, IL-1β, IL-6, IL-10, NOX1, and NOX4
in the myocardium of L12 and L3. Every gene was quantified relatively using 18S gene expression
levels. Values are expressed as percentage ± SEM. * p < 0.05 vs. L12.

Gene L12 (Basal) L3 (Gene Expression/18S)

COX2 100 ± 20.7 80.30 ± 15

GRS 100 ± 18.9 121.95 ± 7

GPX 100 ± 7.7 115.45 ± 1.4

TNFα 100 ± 17.5 80.68 ± 24.1

SOD1 100 ± 9.6 105.13 ± 0.8

iNOS 100 ± 44.3 45.21 ± 13.8

IL-1β 100 ± 20.1 126.32 ± 32.3

IL-6 100 ± 13.9 79.14 ± 3.5

IL-10 100 ± 19.4 42.86 ± 18.7 *

NOX1 100 ± 34.2 156.31 ± 22.1

NOX4 100 ± 30.9 94.14 ± 6.5

Regarding cardiac function, no significant changes were found between L12 and L3
rats at basal conditions. However, insulin administration promoted a decrease in cardiac
contractility (dP/dT) at 10−9 M and 10−8 M concentrations in the heart from L3 rats in
comparison to controls (Figure 3A), as well as in heart rate at 10−7 M (Figure 3B). Regarding
coronary pressure, no changes were observed at any concentration of insulin (Figure 3C).
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Figure 3. Increment of different parameters measured using Langendorff system related to cardiac
function in response to increasing concentrations of insulin (10−9–10−7 M), including contractility
measured as dP/dT (A), heart rate (B), and coronary pressure (C). * p < 0.05 vs. L12.

When evaluating the two primary pathways activated by insulin in the heart through
Western blot analysis, we observed the activation of the PI3K/Akt pathway (p < 0.05) in
response to insulin in both L3 and L12 rats although, activation of the Akt/PI3K pathway
was notably diminished in overfed rats after insulin administration (Figure 4A). Conversely,
the MAPK pathway was exclusively triggered by insulin in overfed rats (Figure 4B).
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Figure 4. Relative quantification of activation, measured as phosphorylated protein vs. total protein,
in myocardium tissue in response to insulin in Akt pathway (A) and MAPK pathway (B). *, p < 0.05
vs. basal; #, p < 0.05 vs. L12 + insulin.

2.3.2. Arterial Changes Induced by Litter Reduction: mRNA Expression, Hemodynamic
Parameters, and Activation of Molecular Pathways

Different from what occurred in myocardial tissue, the expression of TNFα and IL-6,
both related to a proinflammatory phenotype, was significantly higher in the aortas of L3
rats in comparison to those of L12 rats (Table 3). Additionally, iNOS gene expression was
decreased in overfed rats’ aortas (p < 0.05).

Table 3. mRNA levels of COX2, GRS, GPX3, TNFα, SOD1, iNOS, IL-1β, IL-6, IL-10, NOX1, and NOX4
in the arterial tissue from L12 and L3 rats. Every gene was quantified relatively using 18S gene
expression levels. Values are expressed as percentage ± SEM. * p < 0.05 vs. L12.

Gene L12 (Basal) L3 (Gene Expression/18S)

COX2 100 ± 10.7 114.82 ± 24.6

GRS 100 ± 18.1 149.72 ± 43.2

GPX 100 ± 12.4 174.25 ± 70.2

TNFα 100 ± 27.6 175.17 ± 27.3 *

SOD1 100 ± 30.6 131.69 ± 34.1

iNOS 100 ± 29.5 24.4 ± 10.6 *

IL-1β 100 ± 25.1 185.93 ± 56.9

IL-6 100 ± 17.5 191.78 ± 14.7 *

IL-10 100 ± 33.9 84.52 ± 15.8

NOX1 100 ± 56 118.88 ± 66.5

NOX4 100 ± 21.3 89.84 ± 11.3

Regarding vascular function, statistical differences were found in response to acetyl-
choline (Ach) (Figure 5A); as well, no differences were found in response to nitroprusside
(NTP) (Figure 5B), showing that aortas from overfed rats had lower endothelium-dependent
relaxation.
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Figure 5. Relaxation curves in response to increasing concentrations of acetylcholine (Ach) (A) and
nitroprusside (NTP) (B) in aortic rings from both L12 and L3 rats. * p < 0.05 vs. L12.

Furthermore, in order to assess insulin resistance in the aorta, the vascular reactivity
of aorta segments from L12 and L3 rats was also performed in response to increasing
concentrations of insulin. No statistical differences were observed when comparing both
groups (Figure 6A), but after preincubation with L-NAME, L12 segments showed decreased
relaxation in response to insulin, whilst L3 aortic segments did not (Figure 6B). This implies
the molecular pathway involved in the vasodilatory aortic response to insulin in control rats
is related to nitric oxide; meanwhile, segments from overfed rats may comprise another one
that is not NO-dependent. Several experiments using other blockers were also performed
in order to assess the molecular pathways responsible for this difference, but no significant
results were obtained.
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Figure 6. Relaxation curves in response to increasing concentrations of insulin (A) and insulin +
L-NAME, blocker of nitric oxide (B) of aortic rings, both from L12 and L3 rats.

Similarly to the myocardium, the two main pathways triggered by insulin in the aorta
were analyzed, showing activation of PI3K/Akt in response to insulin only in aortas from
control rats (Figure 7A), while MAPK remained unaltered (Figure 7B). Contrarily, aortas
from the L3 group did not show neither activation of the Akt/PI3K pathway nor of MAPK
(Figure 7A,B).



Int. J. Mol. Sci. 2023, 24, 14443 8 of 15
Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 7. Relative quantification of activation, measured as phosphorylated protein vs. total protein, 
in aortic tissue in response to insulin in Akt pathway (A) and MAPK pathway (B). *, p < 0.05 vs. 
basal; #, p < 0.05 vs. L12 + insulin. 

3. Discussion 
The prevalence of insulin resistance is greatly increasing worldwide, and obesity is 

the main risk factor for this condition, which, in the long term, is associated with the de-
velopment of cardiovascular diseases [23]. In this study, we show for the first time that 
early overnutrition in rats during the lactation period is associated with endothelial dys-
function and cardiac insulin resistance in adulthood, a condition that may contribute to 
the impairment of cardiovascular function associated with overweight and obesity. 

Many studies have reported that overnutrition during lactation in rodents not only 
results in several metabolic disorders but also in cardiovascular alterations that include 
cardiac dysfunction and the development of hypertension [24–26]. The metabolic changes 
associated with postnatal overfeeding have been widely described [27] and are due to al-
terations both in the central systems involved in food intake regulation [28–31] and in 
peripheral tissues involved in metabolism such as the gastrointestinal system, the liver, 
and the adipose tissue [32,33]. In this regard, our results agree with previous studies, 
which have reported that early overnutrition is associated with increased body weight at 
weaning, which is maintained in adulthood [22,34,35]. This increased body weight is the 
result of increased adiposity, both at the visceral and at the subcutaneous level, probably 
as a result of adipocyte hypertrophy and hyperplasia, which is translated into a higher 
capacity of adipose tissue for energy storage [36]. Moreover, increased adiposity in L3 rats 
was also associated with increased circulating levels of leptin as previously described [27]. 
However, despite hyperleptinemia, it is known that early overnutrition in rats is associ-
ated with leptin resistance [37], which is probably the reason why overfed rats are hyper-
phagic compared to control animals. 

Additionally, our findings demonstrate that excessive feeding during the lactation 
period in rats leads to increased glycemia in adulthood but without producing neither 
hyperglycemia nor hyperinsulinemia. Nevertheless, when assessing insulin resistance 
through the homeostasis model assessment for insulin resistance (HOMA-IR index), we 
observed reduced insulin sensitivity in overfed rats compared to controls. These results 
agree with those reported by other researchers, indicating that glucose levels tend to rise 
both in the short and long term in rats subjected to overnutrition during the lactation pe-

Figure 7. Relative quantification of activation, measured as phosphorylated protein vs. total protein,
in aortic tissue in response to insulin in Akt pathway (A) and MAPK pathway (B). *, p < 0.05 vs. basal;
#, p < 0.05 vs. L12 + insulin.

3. Discussion

The prevalence of insulin resistance is greatly increasing worldwide, and obesity is
the main risk factor for this condition, which, in the long term, is associated with the
development of cardiovascular diseases [23]. In this study, we show for the first time
that early overnutrition in rats during the lactation period is associated with endothelial
dysfunction and cardiac insulin resistance in adulthood, a condition that may contribute to
the impairment of cardiovascular function associated with overweight and obesity.

Many studies have reported that overnutrition during lactation in rodents not only
results in several metabolic disorders but also in cardiovascular alterations that include
cardiac dysfunction and the development of hypertension [24–26]. The metabolic changes
associated with postnatal overfeeding have been widely described [27] and are due to
alterations both in the central systems involved in food intake regulation [28–31] and in
peripheral tissues involved in metabolism such as the gastrointestinal system, the liver,
and the adipose tissue [32,33]. In this regard, our results agree with previous studies,
which have reported that early overnutrition is associated with increased body weight at
weaning, which is maintained in adulthood [22,34,35]. This increased body weight is the
result of increased adiposity, both at the visceral and at the subcutaneous level, probably
as a result of adipocyte hypertrophy and hyperplasia, which is translated into a higher
capacity of adipose tissue for energy storage [36]. Moreover, increased adiposity in L3 rats
was also associated with increased circulating levels of leptin as previously described [27].
However, despite hyperleptinemia, it is known that early overnutrition in rats is associated
with leptin resistance [37], which is probably the reason why overfed rats are hyperphagic
compared to control animals.

Additionally, our findings demonstrate that excessive feeding during the lactation
period in rats leads to increased glycemia in adulthood but without producing neither
hyperglycemia nor hyperinsulinemia. Nevertheless, when assessing insulin resistance
through the homeostasis model assessment for insulin resistance (HOMA-IR index), we ob-
served reduced insulin sensitivity in overfed rats compared to controls. These results agree
with those reported by other researchers, indicating that glucose levels tend to rise both in
the short and long term in rats subjected to overnutrition during the lactation period [38,39].
It is plausible that hyperinsulinemia in the short term [22] occurs as a compensatory mech-
anism in response to early overnutrition. However, in the long term, this effect seems to
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be attenuated, although reduced insulin sensitivity persists in adulthood. As a result, the
higher glucose levels in overfed rats may be attributed, at least in part, to increased food
intake and/or decreased insulin sensitivity. On the other hand, early overfed rats showed
increased circulating levels of adiponectin compared to controls. This finding is consistent
with a previous study, which reported that the litter reduction model is associated with
increased circulating levels of adiponectin due to increased adiposity [40]. This observa-
tion holds significance as adiponectin plays a crucial role in enhancing insulin sensitivity
by promoting fatty acid oxidation and inhibiting hepatic glucose production [38]. Thus,
although early overnourished rats showed increased HOMA-IR, the increased adiponectin
levels may be related to the absence of both hyperglycemia and hyperinsulinemia.

In addition to increased adiposity and reduced insulin sensitivity, our results show
that postnatal overfeeding is also associated with significant alterations in the lipid profile.
Particularly, rats raised in reduced litters showed reduced circulating levels of HDL-c and
LDL-c but increased serum concentrations of total lipids and triglycerides, which agrees
with previous studies in experimental models of early overnutrition [41,42]. Moreover,
these results are in line with other experimental rat models of obesity based on a high-fat
diet [43,44]. In these models, diet-induced obesity is associated with increased circulating
levels of cholesterol, LDL-c, and triglycerides, and these alterations are improved with the
withdrawal of the high-fat diet or by subjecting the animals to a caloric restriction. However,
in our model, changes in glycemia and lipid profile start at an early age [22] and remain
in the long term despite feeding the animals with a standard diet. This fact demonstrates
that the changes in central and peripheral pathways induced by early overnutrition have
crucial importance on the potential development of metabolic alterations in adulthood.

As previously described [26], our results also show that, in addition to the metabolic
disturbances, overfeeding during lactation in rats was associated with cardiovascular alter-
ations both at the vascular and the cardiac levels. In the myocardium, overnourished rats
showed decreased heart weight compared to controls, with this effect being possibly due to
an increase in cardiomyocytes’ apoptosis as it has been previously reported [35]. However,
this result is controversial since other studies have reported either no changes [27,45] or
even an increase in heart weight together with increased cardiomyocyte area [46–49]. These
results may be due, at least in part, to the different species used (rats and mice), the different
number of animals in control (8 to 12) and reduced litters (3 to 4), and the different ages of
the animals.

In terms of cardiac function, our results show decreased heart contractility in response
to insulin administration in overfed rats, which denotes the existence of cardiac insulin
resistance. This decrease in myocardial insulin sensitivity in response to overfeeding during
lactation has already been reported in 21-day-old rats [22] and in adult mice [48,50]. In both
cases, early overnutrition produced a decrease in the activation of the PI3K-Akt pathway
in myocardial tissue, which, in the rat model, was also translated in decreased heart
contractility in response to insulin [35]. Moreover, in overfed rats, the decreased myocardial
contractility was associated with a higher heart rate after insulin administration, which
may constitute a compensatory mechanism to balance the lower contractility. This study
then corroborates that the cardiac insulin resistance induced during early life in response to
overfeeding during lactation is maintained in adulthood in rodents, with this fact affecting
cardiac function. Furthermore, as previously described in the short term [22], our results
show that cardiac insulin resistance is not only associated with impaired activation of the
PI3K-Akt pathway but also with overactivation of the MAPK pathway in response to insulin.
The PI3K-Akt axis is reported to play a key role in maintaining adequate cardiac function
and offering protection against various pathologies, including myocardial infarction [51].
In contrast, the activation of the MAPK pathway induces inflammation and results in the
development of cardiac damage [52]. Thus, in addition to cardiac insulin resistance, the
imbalance between the PI3K/Akt and the MAPK pathways may have implications for
myocardial function, making the heart more susceptible to potential pathologies. Indeed, in
our model, there is a decrease in the gene expression of IL-10 in hearts from L3 rats, which
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may be a signal of the proinflammatory status due to the MAPK overactivation and/or to
the increased heart rate, which also produces a micro-inflammatory state [53].

In the aorta, early overfed rats also showed increased gene expression of the pro-
inflammatory cytokines IL-6 and TNFα compared to control rats, possibly as a result of
increased infiltration of macrophages into the arterial tissue as is reported in other obesity
models [54,55]. The increased arterial inflammation has been also described in 21-day-old
rats [22] and is associated with impaired endothelium-dependent relaxation in response
to acetylcholine without changes in endothelium-independent relaxation in response to
Sodium Nitroprusside (SNP). The endothelial dysfunction associated with postnatal over-
feeding in rodents has been reported before and is present both in the long [47] and the
short term [22]. However, other authors did not find changes in acetylcholine-induced relax-
ation [27], indicating that changes in vascular function in rats raised in reduced litters might
be influenced by different factors such as the strain, the sex, or the age of animal models.

Regarding vascular insulin resistance, segments from L3 adult rats did not exhibit
changes in insulin-induced relaxation compared to segments from L12 adult rats, pointing
to intact vascular insulin sensitivity. This result suggests that although early overnutrition
induces vascular insulin resistance in the short term [22], in the long term, the vascular
system may compensate for this situation by activating other molecular pathways during
growth, thereby preserving insulin sensitivity. At the molecular level, opposite than in
the heart, our results show decreased activation of the PI3K/Akt pathway in the arterial
tissue of L3 rats in response to insulin but without changes in the activation of the MAPK
pathway. Thus, it is possible that the development of insulin resistance requires not only
impaired PI3k/Akt signaling but also hyperactivation of the MAPK pathway.

4. Materials and Methods
4.1. Animals

This study was performed using 6-month-old Sprague Dawley male rats. All of the
experiments were conducted according to the European Union Legislation (RD53/2013)
and with the approval of the Animal Care and Use Committee of the Community of Madrid
(Spain).

The experimental model was based on litter reduction, a widely used childhood
obesity model in rodents [32]. Briefly, there were two groups based on the number of litters
left after birth: 12 pups (L12) or 3 pups (L3) per mother. After this initial adjustment, the
offspring did not undergo any further manipulation during the lactation period. After
weaning, male rats were housed 3 per cage and fed ad libitum and under normal conditions
(50–60% humidity, 22–24 ◦C, and cycles of 12 h light/darkness). Body weight gain and
food intake were assessed weekly. At the age of 6 months, rats were euthanized after
intraperitoneal injection of sodium phentobarbital (100 mg/kg) after overnight fasting. The
blood was collected to obtain the serum, and tissues were dissected and weighed.

4.2. Plasma Measurements

Before sacrifice, glycemia was measured using a glucometer in both L3 and L12 rats.
The serum measurements of total cholesterol, c-HDL, c-LDL, triglycerides, and total lipids
were made using commercial kits of SPINREACT® (Spinreact, Girona, Spain) following
the manufacturer’s instructions. The analysis of insulin, leptin, and adiponectin levels was
performed through ELISA (Enzyme-Linked ImmunoSorbent Assay) using a commercial
kit from Millipore (Dramstadt, Germany).

4.3. Experiments of Vascular Reactivity

Immediately after sacrifice, aortas from both L3 and L12 rats were dissected, cut into
2 mm segments, and placed into a tension myograph system. Briefly, the process consisted
of a chamber filled with 4 mL of 370C Krebs-Henseleit buffer (115 mM NaCl, 4.6 mM KCl,
1.2 mM KH2PO4, 1.2 mM MgSO4, 2.5 mM CaCl2, 25 mM NaHCO3, and 11 mM glucose)
and oxygenated (95% O2 and 5% CO2). The changes in isometric force were recorded using
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an isometric tension recording (Universal Transducing Cell UC3 and Statham Microscale
Accessory UL5, Statham Instruments, Inc., Los Angeles, CA, USA) and PowerLab data
acquisition system (ADInstruments, Colorado Springs, CO, USA), just like previously
described [50].

Dose–response curves to increasing concentrations of acetylcholine (Ach) (10−9–10−5 M)
and sodium nitroprusside (NTP) (10−9–10−5 M) were determined to assess relaxing and
contractile responses. Moreover, the response to insulin was also evaluated using increasing
and accumulative doses of insulin (10−8–10−5 M). In some cases, several segments were
preincubated for 20 min with Nω-Nitro-L-arginine methyl ester (L-NAME) (10−4 M)
(Sigma-Aldrich, St. Louis, MO, USA), an unspecific inhibitor of endothelial nitric oxide
synthase (eNOS), Apamin (10−6 M), and charibdotoxin (10−7 M) (Sigma-Aldrich, St. Louis,
MO, USA), which are blockers of Calcium-dependent potassium channels, or with ouabain
(10−6 M) (Sigma-Aldrich, St. Louis, MO, USA), a blocker of the sodium–potassium pump,
in order to assess the pathways involved in relaxation processes.

4.4. Experiments of Cardiac Function: Langendorff

After sacrifice, hearts from both L3 and L12 were extracted and placed in a Langendorff
system. Briefly, heparin (1000 IU) was injected intravenously, and the heart was immediately
cannulated through the ascending aorta, producing a retrograde perfusion of the coronary
circulation. The heart was kept in a bath at 37 ◦C, perfused with Krebs-Henseleit buffer,
and equilibrated with 95%/5% oxygen and carbon dioxide. Then, perfusion was initiated
at a flow rate of 6–8 mL/min, producing a basal perfusion pressure of around 70 mmHg).
In order to record the intraventricular pressure, a small plastic balloon connected to a
Statham transducer (Statham Instruments, Los Angeles, CA, USA) was inserted into the
left ventricle. The balloon was inflated to a diastolic pressure of 5–10 mmHg. From the
intraventricular pressure, we were able to calculate the first derivative with respect to time
(dP/dT), which is the main indicator of heart contractility and heart rate. All of these
parameters were recorded both before and after the insulin curve (10−9–10−7 M). At the
end of the experiment, hearts were removed from the perfusion system and kept frozen at
−80 ◦C for subsequent molecular analysis.

4.5. Nitrite and Nitrate Determination in the Culture Medium

The amount of NO2
− and NO3

− was measured in the medium as an indirect indicator
of NO release by the endothelium. NO2

− and NO3
− concentrations were determined

after incubation of 5 mm aorta segments in 24-well plates using DMEN/F-12 + 1% of an
antibiotic medium. Some segments were also incubated with insulin 10−7 M for 30 min.
Then, the culture medium was collected, and NO2

− and NO3
− were quantified by using

the Griess method [51]. Likewise, aorta segments were also collected to further analyze the
activation of the PI3K/Akt and MAPK pathways by using Western blot.

4.6. Protein Quantification by Western Blot

Aorta segments incubated in the presence or absence of insulin (10−7 M) and hearts
used in the Langendorff technique were used to analyze the expression and activation of
the intracellular pathways Akt and MAPK in response to insulin. For that purpose, total
proteins were extracted from 100 mg of arterial or myocardial tissues by homogenization
using RIPA buffer (50 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM de
sodium pyrophosphate, 10 mM NaF, 2 mM EDTA, 10% glycerol, 1% NP-40, and pH 7.4)
and a cocktail of protease inhibitors (Roche Diagnostics, Barcelona, Spain). The total protein
amount was quantified using the Bradford assay (Merck Millipore, Dramstadt, Germany).
Subsequently, each sample containing 100 µg of total protein (95% Laemmli Sample Buffer
(Bio-Rad, Hércules, CA, USA) and 5% of 2-mercaptoetanol) (Sigma-Aldrich, St. Louis,
MO, USA) was loaded into SDS-PAGE gels (10%). Afterward, proteins were transferred
to a PVDF membrane (Bio-Rad, Hércules, CA, USA), blocked with a blocking solution
(5% BSA for phosphorylated proteins and 5% non-fat dried milk for non-phosphorylated



Int. J. Mol. Sci. 2023, 24, 14443 12 of 15

proteins), and incubated overnight with the appropriate primary antibody at 4 ◦C. Then,
the membranes were incubated with the secondary antibody (1:2000) bound to horseradish
peroxidase (HRP) for 90 min at room temperature. Subsequently, membranes were revealed
with ECL (BioRad, Hercules, CA, USA) in a BioRad Molecular Imager transistor ChemiDoc
XRS System (BioRad, Hercules, CA, USA). The density of the bands was quantified using
ImageJ software V1.53.

4.7. RNA Extraction and Quantitative RT Real-Time PCR

Total RNA was extracted from 100 mg of arterial and cardiac tissues using the Chom-
czynski method [52] and quantified with a Nanodrop2000 spectrometer (Thermo Fisher
Scientific, Hampton, NH, USA). Afterward, 1µg of total RNA was retrotranscripted into
cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster
City, CA, USA).

Fluorogenic (FAM, VIC) primers designed by the Assay-onDemandTM mouse gene
expression products were used (Applied Biosystems; COX2: Rn00585003_m1; glutathione
reductase (GRS): Rn01482159_m1; glutathione peroxidase (GPX3): Rn00574703_m1; iNOS:
Rn06325074_m1; tumor necrosis factor Alpha (TNFα): Rn00562055_m1; superoxide dismu-
tase (SOD1): Rn00566938_m1; Interleukin-6 (IL-6): Rn01410330_m1; Interleukin-10 (IL-10):
Rn01483987_m1; NADPH oxidase 1 (NOX1): Rn00586652_m1; NOX4: Rn00585380_m1;
and 18S: Rn03928990_g1).

4.8. Statistical Analysis

All data were represented as the mean (±SEM). Quantitative data between L12 and L3
were compared by using Student’s t-test or ANOVA. Every analysis was performed using
SPSS v18 software, considered statistically significant when p < 0.05.

5. Conclusions

Postnatal overfeeding in rats induces cardiac insulin resistance and endothelial dys-
function but is not associated with vascular insulin resistance in the long term. Although a
more comprehensive exploration of the molecular pathways involved is warranted, our
findings suggest that nutritional imbalances during the early stages of life can initiate
changes that predispose individuals to metabolic and cardiovascular disorders in adult-
hood, so nutrition during early life is an important factor to consider to avoid its possible
deleterious effects on health in the long term.

Author Contributions: Conceptualization, M.G. and Á.L.G.-V.; methodology, A.T.-M., S.A., D.G.-H.,
Á.L.G.-V. and M.G.; software, A.T.-M., S.A., D.G.-H. and Á.L.G.-V.; validation, L.G.-M., Á.L.G.-V.
and M.G.; formal analysis, A.T.-M., S.A., D.G.-H. and M.G.; investigation, A.T.-M., L.G.-M., S.A.,
D.G.-H., Á.L.G.-V. and M.G.; resources, L.G.-M., Á.L.G.-V. and M.G.; data curation, A.T.-M. and M.G.;
writing—original draft preparation, A.T.-M., L.G.-M. and M.G.; writing—review and editing, A.T.-M.
and M.G.; visualization, Á.L.G.-V. and M.G.; supervision, A.T.-M. and M.G.; project administration,
L.G.-M., Á.L.G.-V. and M.G.; funding acquisition, L.G.-M., Á.L.G.-V. and M.G. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was funded by the grant to Precompetitive Projects of Universidad San Pablo
CEU and Banco Santander 2016.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data not available due to privacy.

Acknowledgments: We would like to thank John Beaumont and Riánsares Arriazu for their help in
revising the text, as well as Carolyn Carr, from Oxford University, for her support in this project.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2023, 24, 14443 13 of 15

References
1. Obesity and Overweight. Available online: https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight

(accessed on 4 August 2023).
2. World Health Organization, Regional Office for Europe. WHO European Regional Obesity Report 2022. 2022. Available online:

https://apps.who.int/iris/handle/10665/353747 (accessed on 4 August 2023).
3. Koenen, M.; Hill, M.A.; Cohen, P.; Sowers, J.R. Obesity, Adipose Tissue and Vascular Dysfunction. Circ. Res. 2021, 128, 951–968.

[CrossRef] [PubMed]
4. Centers for Disease Control and Prevention. Causes and Consequences of Childhood Obesity. 2022. Available online: https:

//www.cdc.gov/obesity/basics/consequences.html (accessed on 4 August 2023).
5. Barton, M. Childhood obesity: A life-long health risk. Acta Pharmacol. Sin. 2012, 33, 189–193. [CrossRef] [PubMed]
6. Zhou, L.Y.; Deng, M.Q.; Zhang, Q.; Xiao, X.H. Early-life nutrition and metabolic disorders in later life: A new perspective on

energy metabolism. Chin. Med. J. 2020, 133, 1961–1970. [CrossRef] [PubMed]
7. Velkoska, E. Mechanisms behind early life nutrition and adult disease outcome. World J. Diabetes 2011, 2, 127. [CrossRef]
8. Forsdahl, A. Are poor living conditions in childhood and adolescence an important risk factor for arteriosclerotic heart disease? J.

Epidemiol. Community Health 1977, 31, 91–95. [CrossRef]
9. Cottrell, E.C.; Ozanne, S.E. Early life programming of obesity and metabolic disease. Physiol. Behav. 2008, 94, 17–28. [CrossRef]
10. Bouret, S.G. Early life origins of obesity: Role of hypothalamic programming. J. Pediatr. Gastroenterol. Nutr. 2009, 48 (Suppl. 1),

S31–S38. [CrossRef]
11. Banks, W.A.; Kastin, A.J.; Huang, W.; Jaspan, J.B.; Maness, L.M. Leptin enters the brain by a saturable system independent of

insulin. Peptides 1996, 17, 305–311. [CrossRef]
12. Bouret, S.G.; Draper, S.J.; Simerly, R.B. Formation of projection pathways from the arcuate nucleus of the hypothalamus to

hypothalamic regions implicated in the neural control of feeding behavior in mice. J. Neurosci. Off. J. Soc. Neurosci. 2004, 24,
2797–2805. [CrossRef]

13. Samuel, V.T.; Shulman, G.I. The pathogenesis of insulin resistance: Integrating signaling pathways and substrate flux. J. Clin.
Investig. 2016, 126, 12–22. [CrossRef]

14. Pantazi, K.; Karlafti, E.; Bekiaridou, A.; Didagelos, M.; Ziakas, A.; Didangelos, T. Insulin Receptors and Insulin Action in the
Heart: The Effects of Left Ventricular Assist Devices. Biomolecules 2022, 12, 578. [CrossRef] [PubMed]

15. Cheatham, B.; Kahn, C.R. Insulin Action and the Insulin Signaling Network. Endocr. Rev. 1995, 16, 117–142. [PubMed]
16. Montagnani, M.; Chen, H.; Barr, V.A.; Quon, M.J. Insulin-stimulated Activation of eNOS Is Independent of Ca2+ but Requires

Phosphorylation by Akt at Ser1179. J. Biol. Chem. 2001, 276, 30392–30398. [CrossRef] [PubMed]
17. Muniyappa, R.; Montagnani, M.; Koh, K.K.; Quon, M.J. Cardiovascular Actions of Insulin. Endocr. Rev. 2007, 28, 463–491.

[CrossRef]
18. Kahn, A.M.; Seidel, C.L.; Allen, J.C.; O’Neil, R.G.; Shelat, H.; Song, T. Insulin reduces contraction and intracellular calcium

concentration in vascular smooth muscle. Hypertension 1993, 22, 735–742. [CrossRef] [PubMed]
19. Muniyappa, R.; Sowers, J.R. Role of insulin resistance in endothelial dysfunction. Rev. Endocr. Metab. Disord. 2013, 14, 5–12.

[CrossRef]
20. Sundell, J. Insulin and myocardial blood flow. Cardiovasc. Res. 2003, 57, 312–319. [CrossRef] [PubMed]
21. Stout, R.W. Insulin as a mitogenic factor: Role in the pathogenesis of cardiovascular disease. Am. J. Med. 1991, 90, S62–S65.

[CrossRef]
22. González-Hedström, D.; Guerra-Menéndez, L.; Tejera-Muñoz, A.; Amor, S.; de la Fuente-Fernández, M.; Martín-Carro, B.; Arriazu,

R.; García-Villalón, Á.L.; Granado, M. Overfeeding During Lactation in Rats is Associated with Cardiovascular Insulin Resistance
in the Short-Term. Nutrients 2020, 12, 549. [CrossRef]

23. Hill, M.A.; Yang, Y.; Zhang, L.; Sun, Z.; Jia, G.; Parrish, A.R.; Sowers, J.R. Insulin resistance, cardiovascular stiffening and
cardiovascular disease. Metabolism 2021, 119, 154766. [CrossRef]

24. Morris, M.J.; Velkoska, E.; Cole, T.J. Central and peripheral contributions to obesity-associated hypertension: Impact of early
overnourishment: Cardiovascular consequences of obesity. Exp. Physiol. 2005, 90, 697–702. [CrossRef] [PubMed]

25. Yim, H.E.; Yoo, K.H.; Bae, I.S.; Hong, Y.S.; Lee, J.W. Postnatal early overnutrition causes long-term renal decline in aging male rats.
Pediatr. Res. 2014, 75, 259–265. [CrossRef]

26. Josse, M.; Rigal, E.; Rosenblatt-Velin, N.; Rochette, L.; Zeller, M.; Guenancia, C.; Vergely, C. Programming of Cardiovascular
Dysfunction by Postnatal Overfeeding in Rodents. Int. J. Mol. Sci. 2020, 21, 9427. [CrossRef]

27. Habbout, A.; Li, N.; Rochette, L.; Vergely, C. Postnatal Overfeeding in Rodents by Litter Size Reduction Induces Major Short- and
Long-Term Pathophysiological Consequences. J. Nutr. 2013, 143, 553–562. [CrossRef]

28. de Andrade Silva, S.C.; da Silva, A.I.; Braz, G.R.F.; da Silva Pedroza, A.A.; de Lemos, M.D.T.; Sellitti, D.F.; Lagranha, C.
Overfeeding during development induces temporally-dependent changes in areas controlling food intake in the brains of male
Wistar rats. Life Sci. 2021, 285, 119951. [CrossRef] [PubMed]

29. Schumacher, R.; Rossetti, M.F.; Lazzarino, G.P.; Canesini, G.; García, A.P.; Stoker, C.; Andreoli, M.F.; Ramos, J.G. Temporary effects
of neonatal overfeeding on homeostatic control of food intake involve alterations in POMC promoter methylation in male rats.
Mol. Cell Endocrinol. 2021, 522, 111123. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://apps.who.int/iris/handle/10665/353747
https://doi.org/10.1161/CIRCRESAHA.121.318093
https://www.ncbi.nlm.nih.gov/pubmed/33793327
https://www.cdc.gov/obesity/basics/consequences.html
https://www.cdc.gov/obesity/basics/consequences.html
https://doi.org/10.1038/aps.2011.204
https://www.ncbi.nlm.nih.gov/pubmed/22301858
https://doi.org/10.1097/CM9.0000000000000976
https://www.ncbi.nlm.nih.gov/pubmed/32826460
https://doi.org/10.4239/wjd.v2.i8.127
https://doi.org/10.1136/jech.31.2.91
https://doi.org/10.1016/j.physbeh.2007.11.017
https://doi.org/10.1097/MPG.0b013e3181977375
https://doi.org/10.1016/0196-9781(96)00025-3
https://doi.org/10.1523/JNEUROSCI.5369-03.2004
https://doi.org/10.1172/JCI77812
https://doi.org/10.3390/biom12040578
https://www.ncbi.nlm.nih.gov/pubmed/35454166
https://www.ncbi.nlm.nih.gov/pubmed/7781591
https://doi.org/10.1074/jbc.M103702200
https://www.ncbi.nlm.nih.gov/pubmed/11402048
https://doi.org/10.1210/er.2007-0006
https://doi.org/10.1161/01.HYP.22.5.735
https://www.ncbi.nlm.nih.gov/pubmed/8225533
https://doi.org/10.1007/s11154-012-9229-1
https://doi.org/10.1016/S0008-6363(02)00718-6
https://www.ncbi.nlm.nih.gov/pubmed/12566104
https://doi.org/10.1016/0002-9343(91)90041-U
https://doi.org/10.3390/nu12020549
https://doi.org/10.1016/j.metabol.2021.154766
https://doi.org/10.1113/expphysiol.2005.030783
https://www.ncbi.nlm.nih.gov/pubmed/16105938
https://doi.org/10.1038/pr.2013.223
https://doi.org/10.3390/ijms21249427
https://doi.org/10.3945/jn.112.172825
https://doi.org/10.1016/j.lfs.2021.119951
https://www.ncbi.nlm.nih.gov/pubmed/34516994
https://doi.org/10.1016/j.mce.2020.111123


Int. J. Mol. Sci. 2023, 24, 14443 14 of 15

30. Roberts, B.L.; Bennett, C.M.; Carroll, J.M.; Lindsley, S.R.; Kievit, P. Early overnutrition alters synaptic signaling and induces leptin
resistance in arcuate proopiomelanocortin neurons. Physiol. Behav. 2019, 206, 166–174. [CrossRef] [PubMed]

31. Enes-Marques, S.; Rojas, V.C.T.; Batista, T.H.; Vitor-Vieira, F.; Novais, C.O.; Vilela, F.C.; Rafacho, A.; Giusti-Paiva, A. Neonatal
overnutrition programming impairs cholecystokinin effects in adultmale rats. J. Nutr. Biochem. 2020, 86, 108494. [CrossRef]
[PubMed]

32. Sousa, D.; Rocha, M.; Amaro, A.; Ferreira-Junior, M.D.; Cavalcante, K.V.N.; Monteiro-Alfredo, T.; Barra, C.; Rosendo-Silva, D.;
Saavedra, L.P.J.; Magalhães, J.; et al. Exposure to Obesogenic Environments during Perinatal Development Modulates Offspring
Energy Balance Pathways in Adipose Tissue and Liver of Rodent Models. Nutrients 2023, 15, 1281. [CrossRef]

33. Du, Q.; Hosoda, H.; Umekawa, T.; Kinouchi, T.; Ito, N.; Miyazato, M.; Kangawa, K.; Ikeda, T. Postnatal weight gain induced by
overfeeding pups and maternal high-fat diet during the lactation period modulates glucose metabolism and the production of
pancreatic and gastrointestinal peptides. Peptides 2015, 70, 23–31. [CrossRef]

34. Portella, A.K.; Silveira, P.P.; Laureano, D.P.; Cardoso, S.; Bittencourt, V.; Noschang, C.; Werlang, I.; Fontella, F.U.; Dalmaz,
C.; Goldani, M.Z. Litter size reduction alters insulin signaling in the ventral tegmental area and influences dopamine-related
behaviors in adult rats. Behav. Brain Res. 2015, 278, 66–73. [CrossRef] [PubMed]

35. Granado, M.; Fernández, N.; Monge, L.; Carreño-Tarragona, G.; Figueras, J.C.; Amor, S.; García-Villalón, Á.L. Long-Term Effects
of Early Overnutrition in the Heart of Male Adult Rats: Role of the Renin-Angiotensin System. PLoS ONE. 2013, 8, e65172.
[CrossRef] [PubMed]

36. Conceição, E.P.S.; Trevenzoli, I.H.; Oliveira, E.; Franco, J.G.; Carlos, A.S.; Nascimento-Saba, C.C.A.; Moura, E.G.; Lisboa, P.C.
Higher White Adipocyte Area and Lower Leptin Production in Adult Rats Overfed During Lactation. Horm. Metab. Res. 2011, 43,
513–516. [CrossRef]

37. Scarpace, P.J.; Zhang, Y. Leptin resistance: A prediposing factor for diet-induced obesity. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 2009, 296, R493–R500. [CrossRef]

38. Argente-Arizón, P.; Ros, P.; Díaz, F.; Fuente-Martin, E.; Castro-González, D.; Sánchez-Garrido, M.Á.; Barrios, V.; Tena-Sempere,
M.; Argente, J.; Chowen, J.A. Age and Sex Dependent Effects of Early Overnutrition on Metabolic Parameters and the Role of
Neonatal Androgens. Biol. Sex Differ. 2016, 7, 26. [CrossRef]

39. Blanco, N.; Fernández-García, J.M.; Carrillo, B.; Ballesta, A.; García-Úbeda, R.; Collado, P.; Pinos, H. Prenatal Low-Protein and
Low-Calorie Diets Differentially Alter Arcuate Nucleus Morphology in Newborn Male Rats. Front. Neuroanat. 2022, 16, 896732.
[CrossRef] [PubMed]

40. Souza, L.L.; Moura, E.G.; Lisboa, P.C. Litter Size Reduction as a Model of Overfeeding during Lactation and Its Consequences for
the Development of Metabolic Diseases in the Offspring. Nutrients 2022, 14, 2045. [CrossRef] [PubMed]

41. Dai, Y.; Yang, F.; Zhou, N.; Sha, L.; Zhou, S.; Wang, J.; Li, X. A post-weaning fish oil dietary intervention reverses adverse
metabolic outcomes and 11 β -hydroxysteroid dehydrogenase type 1 expression in postnatal overfed rats. Br. J. Nutr. 2016, 116,
1519–1529. [CrossRef]

42. Leite, R.D.; Kraemer-Aguiar, L.G.; Boa, B.C.D.S.; Cyrino, F.Z.G.A.; Nivoit, P.; Bouskela, E. Muscle endothelial-dependent
microvascular dysfunction in adulthood due to early postnatal overnutrition. Microvasc. Res. 2012, 84, 94–98. [CrossRef]

43. Azemi, A.K.; Siti-Sarah, A.R.; Mokhtar, S.S.; Rasool, A.H.G. Time-Restricted Feeding Improved Vascular Endothelial Function in
a High-Fat Diet-Induced Obesity Rat Model. Vet. Sci. 2022, 9, 217. [CrossRef]

44. Kwitek, A.E. Rat Models of Metabolic Syndrome. Rat Genom. 2019, 2018, 269–285.
45. Velkoska, E.; Cole, T.J.; Morris, M.J. Early dietary intervention: Long-term effects on blood pressure, brain neuropeptide Y, and

adiposity markers. Am. J. Physiol.-Endocrinol. Metab. 2005, 288, E1236–E1243. [CrossRef]
46. Moreira, A.S.B.; Teixeira, M.T.; da Silveira Osso, F.; Pereira, R.O.; de Oliveira Silva-Junior, G.; de Souza, E.G.; de Lacerda, C.M.;

Moura, A.S. Left ventricular hypertrophy induced by overnutrition early in life. Nutr. Metab. Cardiovasc. Dis. 2009, 19, 805–810.
[CrossRef]

47. Junior, M.D.F.; Cavalcante, K.V.N.; Ferreira, L.A.; Lopes, P.R.; Pontes, C.N.R.; de Bessa, A.D.S.M.; Neves, Â.R.; Francisco, F.A.;
Pedrino, G.R.; Xavier, C.H.; et al. Postnatal early overfeeding induces cardiovascular dysfunction by oxidative stress in adult
male Wistar rats. Life Sci. 2019, 226, 173–184. [CrossRef]

48. Martins, M.R.; Vieira, A.K.G.; De Souza, É.P.G.; Moura, A.S. Early overnutrition impairs insulin signaling in the heart of adult
Swiss mice. J. Endocrinol. 2008, 198, 591–598. [CrossRef] [PubMed]

49. Vieira, A.K.G.; Soares, V.M.; Bernardo, A.F.; Neves, F.A.; Mattos, A.B.M.; Guedes, R.M.; Cortez, E.; Andrade, D.C.; Lacerda-
Miranda, G.; Garcia-Souza, E.P.; et al. Overnourishment during lactation induces metabolic and haemodynamic heart impairment
during adulthood. Nutr. Metab. Cardiovasc. Dis. 2015, 25, 1062–1069. [CrossRef] [PubMed]

50. Bernardo, A.F.; Cortez, E.; Neves, F.A.; Vieira, A.K.; Soares, V.D.M.; Rodrigues-Cunha, A.C.D.S.; Andrade, D.C.; Thole, A.A.;
Gabriel-Costa, D.; Brum, P.C.; et al. Overnutrition during lactation leads to impairment in insulin signaling, up-regulation
of GLUT1 and increased mitochondrial carbohydrate oxidation in heart of weaned mice. J. Nutr. Biochem. 2016, 29, 124–132.
[CrossRef]

51. Walkowski, B.; Kleibert, M.; Majka, M.; Wojciechowska, M. Insight into the Role of the PI3K/Akt Pathway in Ischemic Injury and
Post-Infarct Left Ventricular Remodeling in Normal and Diabetic Heart. Cells 2022, 11, 1553. [CrossRef] [PubMed]

52. Jonassen, A.K.; Sack, M.N.; Mjøs, O.D.; Yellon, D.M. Myocardial protection by insulin at reperfusion requires early administration
and is mediated via Akt and p70s6 kinase cell-survival signaling. Circ. Res. 2001, 89, 1191–1198. [CrossRef]

https://doi.org/10.1016/j.physbeh.2019.04.002
https://www.ncbi.nlm.nih.gov/pubmed/30951750
https://doi.org/10.1016/j.jnutbio.2020.108494
https://www.ncbi.nlm.nih.gov/pubmed/32920089
https://doi.org/10.3390/nu15051281
https://doi.org/10.1016/j.peptides.2015.05.003
https://doi.org/10.1016/j.bbr.2014.09.033
https://www.ncbi.nlm.nih.gov/pubmed/25264577
https://doi.org/10.1371/journal.pone.0065172
https://www.ncbi.nlm.nih.gov/pubmed/23755190
https://doi.org/10.1055/s-0031-1275702
https://doi.org/10.1152/ajpregu.90669.2008
https://doi.org/10.1186/s13293-016-0079-5
https://doi.org/10.3389/fnana.2022.896732
https://www.ncbi.nlm.nih.gov/pubmed/35783578
https://doi.org/10.3390/nu14102045
https://www.ncbi.nlm.nih.gov/pubmed/35631188
https://doi.org/10.1017/S0007114516003718
https://doi.org/10.1016/j.mvr.2012.03.009
https://doi.org/10.3390/vetsci9050217
https://doi.org/10.1152/ajpendo.00505.2004
https://doi.org/10.1016/j.numecd.2009.01.008
https://doi.org/10.1016/j.lfs.2019.04.018
https://doi.org/10.1677/JOE-08-0057
https://www.ncbi.nlm.nih.gov/pubmed/18599621
https://doi.org/10.1016/j.numecd.2015.07.009
https://www.ncbi.nlm.nih.gov/pubmed/26315623
https://doi.org/10.1016/j.jnutbio.2015.09.021
https://doi.org/10.3390/cells11091553
https://www.ncbi.nlm.nih.gov/pubmed/35563860
https://doi.org/10.1161/hh2401.101385


Int. J. Mol. Sci. 2023, 24, 14443 15 of 15

53. Brito Díaz, B.; Alemán Sánchez, J.J.; Cabrera de León, A. Frecuencia cardiaca en reposo y enfermedad cardiovascular. Med. Clínica
2014, 143, 34–38. [CrossRef]

54. Liu, C.; Zhou, M.S.; Li, Y.; Wang, A.; Chadipiralla, K.; Tian, R.; Raij, L. Oral nicotine aggravates endothelial dysfunction and
vascular inflammation in diet-induced obese rats: Role of macrophage TNFα. PLoS ONE. 2017, 12, e0188439. [CrossRef] [PubMed]

55. Sánchez-García, G.; Del Bosque-Plata, L.; Hong, E. Postnatal overnutrition affects metabolic and vascular function reflected
by physiological and histological changes in the aorta of adult Wistar rats. Clin. Exp. Hypertens. 2018, 40, 452–460. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.medcli.2013.05.034
https://doi.org/10.1371/journal.pone.0188439
https://www.ncbi.nlm.nih.gov/pubmed/29236702
https://doi.org/10.1080/10641963.2017.1392557
https://www.ncbi.nlm.nih.gov/pubmed/29115861

	Introduction 
	Results 
	Body and Organ Weight 
	Glycemia, Lipid Profile, and Plasma Concentrations of Metabolic Hormones: Insulin, Leptin, and Adiponectin 
	Long-Term Cardiovascular Effects of Early Overnutrition 
	Myocardial Changes Triggered by Litter Reduction: mRNA Expression, Hemodynamic Parameters, and Activation of Molecular Pathways 
	Arterial Changes Induced by Litter Reduction: mRNA Expression, Hemodynamic Parameters, and Activation of Molecular Pathways 


	Discussion 
	Materials and Methods 
	Animals 
	Plasma Measurements 
	Experiments of Vascular Reactivity 
	Experiments of Cardiac Function: Langendorff 
	Nitrite and Nitrate Determination in the Culture Medium 
	Protein Quantification by Western Blot 
	RNA Extraction and Quantitative RT Real-Time PCR 
	Statistical Analysis 

	Conclusions 
	References

