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Abstract

Protein restriction during early phases of body development, such as intrauterine life can favor
the development of vascular disorders. However, it is not known if peripubertal protein restric-
tion can favor vascular dysfunction in adulthood. The present study aimed to evaluated whether
a protein restriction diet during peripubertal period favors endothelial dysfunction in adult-
hood. Male Wistar rats from postnatal day (PND) 30 until 60 received a diet with either
23% protein (CTR group) or with 4% protein (LP group). At PND 120, the thoracic aorta reac-
tivity to phenylephrine, acetylcholine, and sodium nitroprusside was evaluated in the presence
or absence of: endothelium, indomethacin, apocynin and tempol. The maximum response
(Rmax) and pD2 (-log of the concentration of the drug that causes 50% of the Rmax) were
calculated. The lipid peroxidation and catalase activity were also evaluated in the aorta.
The data were analyzed by ANOVA (one or two-ways and Tukey’s) or independent t-test;
the results were expressed as mean ± S.E.M., p< 0.05. The Rmax to phenylephrine in aortic
rings with endothelium were increased in LP rats when compared with the Rmax in CTR
rats. Apocynin and tempol reduced Rmax to phenylephrine in LP aortic rings but not in
CTR. The aortic response to the vasodilators was similar between the groups. Aortic catalase
activity was lower and lipid peroxidation was greater in LP compared to CTR rats. Therefore,
protein restriction during the peripubertal period causes endothelial dysfunction in adulthood
through a mechanism related to oxidative stress.

Introduction

Nutritional adversity is a public health problem that affects a significant part of the world pop-
ulation.1 In addition, adverse conditions such as dietary restriction or malnutrition, during early
life can impair health, causing metabolic and cardiovascular disturbance in adulthood.2–5

Protein restriction during early life, for example during intrauterine development, can cause
fetal growth restriction, increasing the risk of later cardiovascular events.6 In experimental mod-
els and humans, intrauterine malnutrition leads to endothelial dysfunction inmacro andmicro-
vessels.7–9 In this way, the endothelial dysfunction caused by global nutrient restrictionmodels is
related to reduced nitric oxide (NO) synthesis and bioavailability, induced by reduced endo-
thelial nitric oxide synthase (eNOS) activity or increased NO oxidation by superoxide anion
derivate from nicotinamide adenine dinucleotide phosphate (NADPH) oxidase.10 Moreover,
it has been described that protein-restricted diets also favor the development of endothelial dys-
function, through mechanisms that involve oxidative stress.11

However, as far as we known, there are no reports on the endothelial outcomes of protein
restriction during the peripubertal period. The literature shows that protein restriction during
puberty can cause metabolic12,13 and reproductive12,14 disorders in rats, demonstrating the
importance of an adequate diet in the peripubertal period to homeostasis in adult life. In fact,
it was recently described that protein restriction during peripubertal period can cause hyper-
tension in adulthood,15 however, as far as we know, the vascular function was not evaluated
in this model. Therefore, the present study hypothesized that a protein-restricted diet (4%) dur-
ing the peripubertal period in rats would cause aortic endothelial dysfunction in adulthood.
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Materials and methods

Animals and dietary protocol

All experimental protocols were approved by the State University
of Londrina and State University of Maringa Ethics Committees
for Animal Research (CEUA/UEL: 144/2019 and CEUA/
UEM:4833210519). Wistar male rats had free access to water
and laboratory chow and were maintained at 21 ± 2°C in a
12:12 h light-dark cycle (lights on at 06:00 AM).

Wistar male rats were obtained at the central vivarium of the
State University of Maringa, Brazil. On postnatal day (PND) 30,
the rats were randomly assigned to two experimental groups:
Low-protein diet group (LP, n= 20) or control group (CTR,
n= 20). From PND30 until 60, the period related to the peripuber-
tal phase of rats,16 the LP group were fed with chow containing 4%
protein, and the CTR group were fed with commercial chow con-
taining 23% protein (Nuvital, Brazil).17 The low-protein chow was
prepared at the Laboratory of Cellular Biology at State University
of Maringa, Brazil (constituents described in Table 1), as previ-
ously described.15,18 The experimental analysis was carried out
at PND 120 (Fig. 1).

Biometric parameters

Rats from both groups were anesthetized with sodium thiopental
(40 mg/kg, i.p., Cristália, Brazil), and weighed (g). Next, white

(perigonadal and retroperitoneal) and brown (interscapular) adi-
pose tissues were removed and weighed, and the values expressed
as tissue weight per 100 g of body weight. The left tibia was also
removed, dissected, and the length (mm) of the wet tibia measured
and used as a growth parameter.

Thoracic aorta reactivity

The rats were anesthetized with sodium thiopental (40 mg/kg, i.p.,
Cristália, Brazil) and four segments (5 mm) of the dissected tho-
racic aorta with (Endoþ) and without (Endo−) endothelium were
set up in tissue baths for measurement of isometric contractile
force, as previously described by Higashi et al. 2018.19 The tissue
bath contained modified Krebs-Henseleit solution (composition
in mM: 130 NaCl, 14.9 NaHCO3; 4.7 KCl; 1.18 KH2PO4; 1.17
MgSO4-7H2O; 5.5 glucose; 1.60 CaCl2-2H2O e 0.026 EDTA –
reagents were obtained from Labsynth, Brazil) at 37°C and pH
7.4, and gassed with 95% of O2 and 5% of CO2.19,20 The integrity
of smooth muscle cells was tested with potassium chloride (KCl,
90 mM; Labsynth, Brazil) and endothelial integrity was tested with
acetylcholine (ACh, 3 μM, Sigma-Aldrich, USA). The endothelium
was considered intact (Endoþ rings) if the ACh-induced relaxa-
tion was greater than 70%. Vessels exhibiting less than 5% relax-
ation in response to ACh were considered endothelium denuded
(Endo− rings). In Endo þ and Endo – aortic rings, cumulative
concentration-effect curves to the vasoconstrictor phenylephrine

Table 1. Components of control and low-protein chow

Components

Control chow Low-protein chow

g kg−1 KJ kg−1 g kg−1 KJ kg−1

Sucrose 12.2 2.129 200.0 3.347

Cornstarch 527.5 8.828 642.5 10.753

Casein (88% of protein) 233.3 3.905 45.5 0.761

Mix of mineral saltsa 32.0 – 32.0 –

Mix of vitaminsa 16.0 – 16.0 –

Soybean oil 48.0 1.807 48.0 1.807

Fish oil 16.0 0.602 16.0 0.602

Total (g) 1000.0 17.272 1000.0 17.272

The values of the components of the diet are presented proportionally to g kg−1 of diet and energy in kJ kg−1.
aThemixtures of mineral salts and vitamins that from the commercial (control chow) and reduced protein (low-protein) diets follow the recommendations of the American Institute of Nutrition,
AIN 93.

Fig. 1. Schematic diagram illustrating the experimental design. CTR: control rats – feed with commercial diet; LP: low-protein rats – feed with a low-protein chow; PND: postnatal
day.
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(Phenyl, 1 nM – 100 μM, Sigma-Aldrich, USA) and to vasodilators
ACh (1 nM–0.3 mM, Eþ rings) and sodium nitroprusside (SNP,
0.1 nM – 0.3 mM) were performed. The curves for the vasodilators
(ACh and SNP) were constructed in aortic rings contracted with a
submaximal concentration of Phenyl (a concentration that causes
60-80% of themaximum Phenyl response). Cumulative concentra-
tion-effect curves to Phenyl (1 nM–3 mM) were also performed in
Endoþ in the absence or presence of non-selective cyclooxygenase
inhibitor, indomethacin (10 μM, Sigma-Aldrich, USA), the anti-
oxidant tempol (1 μM; Calbiochem, USA) or the NADPH oxidase
inhibitor apocynin (1 μM; Sigma-Aldrich, USA) both incubated
for 30 min.19,20 For curves to Phenyl, ACh, and SNP, the maximal
response (maxR) and the log of the drug concentration resulting in
50% of the maxR (pD2) were calculated using nonlinear regression
analysis (GraphPad Prism software; Graph Pad Software, Inc., San
Diego, CA).

Assessment of oxidative stress

The rats were anesthetized with sodium thiopental (40 mg/kg, i.p.,
Cristália, Brazil) and the thoracic aorta was removed, dissected,
and cut with scissors. The aortic fragments were homogenized
in phosphate-buffered saline and centrifuged at 3000 rpm for 20
min. Subsequently, the supernatant was separated and the protein
concentration in each sample was evaluated using Brandford
reagent.21 The concentration of thiobarbituric acid reactive sub-
stances (TBARS) was evaluated to determine the aortic lipid per-
oxidation, since decomposition of lipid peroxides results in the
formation of TBARS. For the reaction, ferric chloride (1M
FeCl3), ascorbic acid, trichloroacetic acid (TCA 2.8%), thiobarbi-
turic acid (TBA 1.0%), and aortic homogenates or phosphate
buffer pH 7.2 were added to a microplate. The microplate was sub-
sequently placed in a water bath at 90°C for 15 min and then on ice
to stop the reaction. The reaction was read spectrophotometrically
at 535 and 575 nm22 in an absorbance microplate reader
(SpectraMax Plux 384, Molecular Devices, USA), and the amount
of TBARS was calculated using the formula: [TBARS] = (Abs 535
− Abs 575)/0.01 and expressed as nmol/mg of protein.

For evaluation of catalase activity, the aortic homogenate was
applied in a microplate with the reaction medium (Tris-HCL
Buffer 1.0 M; EDTA 5.0 mM (pH= 8) and H2O2 30 mM). The
reading was performed in a spectrophotometer at 240 nm for 1
min with 15-s intervals (SpectraMax Plux 384, Molecular
Devices, USA). After reading, blank and sample mean absorbance
was obtained at the following points: 1, 15, 30, 45, and 60 s. The
absorbance of all points evaluated was calculated as follows:
(Abs in 1 s – Abs in 15 s) × 4; (Abs in 15 s –Abs in 30 s) × 4;
(Abs in 30 s – Abs in 45 s) × 4; (Abs in 45 s – Abs 60 s) × 4 and
the results presented as an average of these values. To assess the
catalase activity, the following formula was used: AE = (Δ Abs/
min) × (bucket volume/sample volume)/(extinction coefficient
× protein concentration).23

Statistical analyses

The results are shown as mean ± S.E.M. For data analysis, tests of
normality (Shapiro-Wilk) and homogeneity of variances (Levene)
were performed. Statistical analysis was carried out using one-way
ANOVA or two-way ANOVA complemented with the Tukey
post-test or using the student t-test. Significant values were consid-
ered when p< 0.05. The GraphPad Prism software (GraphPad
Prism; v8.4.2, CA, USA) was used for statistical analyzes.

Results

Biometric parameters

The student t-test demonstrated that in LP adult rats (PND 120)
body weight, and tibial length were lower than in the CTR group
(Table 2; p< 0.05). However, no differences were observed in the
weight of white and brown adipose tissues in the LP group when
compared with the CTR group (Table 2).

Protein restriction in peripubertal period caused aortic
endothelial dysfunction in adulthood

Phenyl caused contraction and ACh, and SNP caused relaxation
both in a concentration-dependent manner in the aortic rings iso-
lated from the different experimental groups. The two-way
ANOVA indicated interactions between the factors: diet and endo-
thelium (Table 3, Fig. 2; p< 0.05) in the maxR to Phenyl. The one-
way ANOVA followed by the Tukey post-test demonstrated an
increase of 65% in maxR to Phenyl in Endoþ aortic rings of LP
rats compared with CTR rats (Table 3, Fig. 2; p< 0.001).
Furthermore, in the Endo- rings, maxR and pD2 were similar
between CTR and LP rats (Table 3, Fig. 2). The maxR and pD2
to Phenyl were increased in Endo- rings of CTR and LP rats when
compared with their respective Endoþ rings (Table 3, Fig. 2,
p< 0.0001). The responses to the vasodilators ACh and SNP were
similar between CTR and LP aorta (Table 4, Fig. 3).

Table 2. Biometric assessments on adult rats

Characteristics of adult rats CTR LP

BW (g) - PND 30 90.08 ± 2.11 83.96 ± 1,94

BW (g) – PND 60 284.00 ± 6.50 103.00 ± 1.79

BW (g) - PND 120 435.47 ± 6.54 405.10 ± 6.53*

Tibia (mm) – PND 120 42.10 ± 0.28 40.60 ± 0.16*

Retroperitoneal adipose tissue
(g/100 g) – PND 120

1.30 ± 0.10 1.53 ± 0.10

Perigonadal Adipose Tissue (g/100 g)
– PND 120

1.55 ± 0.11 1.24 ± 0.17

Brown adipose tissue (g/100 g) – PND
120

0.08 ± 0.004 0.08 ± 0.005

The weghts of organs and tissues were expressed as 100 g of body weight (g/100g). LP: rats
exposed to protein restriction during peripubertal period and CTR: rats fed a commercial
chow during peripubertal period. PND: postnatal day. Data expressed asmean ± SEM. n= 15 /
group for body weight and n = 10 / group for other parameters. * p< 0.5 vs CTR (Student
T-test).

Table 3. Contractile response to phenylephrine in thoracic aortic rings with and
without endothelium

maxR (g) pD2

Endoþ Endo- Endoþ Endo-

CTR 1.51 ± 0.09
(10)

4.29 ± 0.23*
(10)

6.52 ± 0.07
(10)

7.55 ± 0.05*
(10)

LP 2.49 ± 0.13*
(9)

4.47 ± 0.21#

(9)
6.66 ± 0.05

(9)
7.60 ± 0.05#

(9)

Maximum response (maxR, gram of tension) and -log of the concentration of the agonist that
causes 50% of the maxR (pD2) for phenylephrine in rings with (Endo þ) and without
endothelium (Endo-) of adult rats exposed to protein restriction (LP) or fed with commercial
chow (CTR) during peripubertal phase. Data were expressed as the mean ± SEM, (n) number
of rats/groups. *p< 0.05 vs CTR Endo þ; #p< 0.05 vs LP Endo þ (two-way ANOVA, post-test:
Tukey).
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To evaluate the mechanisms involved in the increased contrac-
tile response in Endoþ aortic rings from LP rats, cumulative con-
centration-effect curves to Phenyl were performed in the presence
of endothelium-derived constriction factors inhibitors. It was dem-
onstrated that incubation with apocynin (NADPH oxidase inhibi-
tor) or tempol (ROS scavenger) reduced (22 and 15% respectively)
maxR to Phenyl in LP Endoþ rings when compared to LP Endoþ
rings without inhibitors (Table 5, Fig. 4B; p< 0.0019).
Additionally, the incubation of LP Endoþ rings with indometha-
cin (non-selective cyclooxygenase inhibitor) did not change maxR
or pD2 to Phenyl (Table 5, Fig. 4B). In the CTR Endoþ aortic rings,
incubation with indomethacin, apocynin or tempol did not alter
the response to Phenyl when compared with CTR Endo þ rings
without inhibitors (Table 5, Fig. 4A).

Oxidative evaluations in aortic tissue

The student t-test showed that aortic TBARS concentration was
increased in the LP group (p= 0.032) and catalase activity was
reduced in the aorta of LP rats (p= 0.014) when compared with
the control group (Table 6).

Discussion

The present study demonstrated that protein restriction during
peripubertal period caused aortic endothelial dysfunction in rats
evaluated during adulthood. This result suggests that a poor pro-
tein diet during the peripubertal phase can favor the development
of vascular diseases in the adult life.

Impairment of endothelial function with restrictive diets has
been described in other phases of body development. For example,
the endothelial modulation on vascular reactivity was compro-
mised in adult offspring of Sprague-Dawley mothers fed with a
low-protein diet (6 or 9% of casein) during pregnancy10,24–26

and in adult offspring of Wistar rats fed during pregnancy with
a global nutrition restriction diet.7,27–29 In addition, male Wistar
rats fed with protein restrictive diet (6% of protein) from
PND21 until three months of life presented endothelial

Fig. 2. Cumulative concentration-effect curves to phenylephrine (Phenyl) in aortic
rings with (Endoþ) and without endothelium (Endo-) isolated from adult rats. LP: rats
exposed to protein restriction during peripubertal period and CTR: rats fed a commer-
cial chow during peripubertal period, n = 9–10. Data were expressed as mean ± SEM
#p <0.05 vs maximal response in LP Endo þ; *p <0.05 vs maximal response in CTR
Endo þ (two-way ANOVA, post-test: Tukey).

Table 4. Aortic response to acetylcholine and sodium nitroprusside

CTR LP

maxR (%) pD2 maxR (%) pD2

ACh 88.86 ± 1.57
(8)

7.31 ± 0.09
(8)

86.93 ± 1.57
(8)

7.16 ± 0.09
(8)

SNP 96.83 ± 1.50
(10)

7.56 ± 0.05
(10)

94.60 ± 0.86
(10)

7.55 ± 0.09
(10)

Maximum response (maxR,% of relaxion after contractionwith phenylephrine) and -log of the
concentration of the drug that causes 50% of the maxR (pD2) for acetylcholine (ACh) or
sodium nitroprusside (SNP) in aortic rings of adult rats exposed to protein restriction (LP) or
fed with commercial diet (CTR) during peripubertal phase. Data were expressed as the mean
± SEM % of relaxation in relation to contraction with phenylephrine (3 μM). (n) the number of
rats/groups; Student’s t-test.

Fig. 3. Cumulative concentration-effect curves to A) acetylcholine (ACh) (n = 8) and
B) to sodium nitroprusside (SNP) (n = 10) in aortic rings of adult rats. LP: rats exposed
to protein restriction during peripubertal period and CTR: rats fed a commercial chow
during peripubertal period. Data were expressed as mean ± SEM of the percentage of
relaxation in relation to the contraction caused by phenylephrine (3μM) (Student
t-test).

454 A. C. Souza et al.

https://doi.org/10.1017/S2040174423000119 Published online by Cambridge University Press

https://doi.org/10.1017/S2040174423000119


Table 5. Apocynin and tempol, but not indomethacin, corrected in the increased contractile response in aortic rings with endothelium isolated from low-protein rats

CTR LP

maxR (g) pD2 max R(g) pD2

Without inhibitor 2.14 ± 0.15
(11)

6.30 ± 0.06
(11)

2.65 ± 0.15*
(11)

6.35 ± 0.07
(11)

Apocynin 2.14 ± 0.18
(7)

6.38 ± 0.13
(7)

1.69 ± 0.19#

(8)
6.27 ± 0.09

(8)

Indomethacin 1.95 ± 0.15
(12)

6.42 ± 0.08
(12)

2.35 ± 0.18
(11)

6.42 ± 0.06
(11)

Tempol 2.28 ± 0.28
(7)

6.40 ± 0.14
(7)

1,94 ± 0.15#

(7)
6.15 ± 0.08

(7)

Maximum response (maxR) and -log of the concentration of the drug that causes 50% of the Rmax (pD2) to phenylephrine in aortic rings with endothelium isolated from adult rats exposed to
protein restriction (LP) or commercial chow (CTR) diet during peripubertal phase. (n) = number of rats/groups. Data were expressed as the mean ± SEM * p< 0.05 vs CTR without blocker;
#p< 0,05 vs LP without inhibitor (one-way ANOVA, post-test: Tukey).

Fig. 4. Cumulative concentration-effect curves to phenylephr-
ine (Phenyl) in aortic rings with endothelium incubated or not
(without inhibitors) (n = 11) with apocynin 1μM (n = 7–8), indo-
methacin 10μM (n = 12–11) or tempol 1μM (n = 7) and isolated
from adult rats fed with A) exposed to commercial diet (CTR)
or B).
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dysfunction, characterized by reduced relaxation to Ach.30 Thus,
our results and those presented in the literature show that diets
lacking protein or with global nutrient restriction impair vascular
response, which, in general is characterized by endothelial dys-
function. Differences in responses to drugs that cause relaxation
or contraction may be related to different species evaluated, the
time when the diets are administrated, and/or the type of nutrients
suppressed. However, our results indicate for the first time that
protein restriction during the peripubertal period leads to aortic
endothelial dysfunction in adult rats.

Reactive oxygen species are molecules involved in the control of
vascular reactivity.20,31 The superoxide anion effectively impairs
NO bioactivity via near diffusion-controlled bimolecular reac-
tion.32 This yields peroxynitrite that can inactivate eNOS directly33

or indirectly.34

In fact, our study demonstrates that the increase in the aortic
contractile response to Phenyl may be related to the exacerbated
production of superoxide anion by the enzyme NADPH oxidase,
since apocynin, an inhibitor of this enzyme, and the dismutation of
superoxide anion by SOD mimetic (tempol) recovered the aortic
endothelial modulation in LP rats. Similar findings have been
described with the use of apocynin in the tail artery of rats sub-
jected to post-weaning protein restriction (9%).35 Furthermore,
it was shown that apocynin corrects endothelium dependent relax-
ation, both inmesenteric arterioles of adult offspring frommothers
that received global nutrient restriction during pregnancy36,37 and
in the thoracic aorta of adult rats that were subjected to protein
restriction (6%) in the post-weaning phase.30 These results suggest
an important role of superoxide anion in the endothelial dysfunc-
tion caused by nutrient-restrictive diets.

Interestingly, in vascular cells superoxide anion is a source of
hydrogen peroxide38 and here it was demonstrated that peripuber-
tal exposure to protein restriction increases aortic lipid peroxida-
tion and impaired catalase activity, suggesting that there is an
increase in hydrogen peroxide in the aorta from LP rats. Similar
results were recently described in the heart and brain of LP rats,
by Ferreira et al., 2022.15 The mechanisms by which hydrogen per-
oxide induces vascular dysfunction are not fully understood.
Hydrogen peroxide does not contain an unpaired electron and
is therefore less reactive than many other reactive oxygen species.
Thus, mechanisms other than direct oxidant injury likely contrib-
ute to the effects of this compound in vascular cells. In this regard,
hydrogen peroxide reacts with peroxidases, such as myeloperoxi-
dase, to form highly reactive molecules, including HOCl39 and
nitrosylating species.40 Additionally, in vascular smooth muscle
cells, hydrogen peroxide activates NADPH oxidase, resulting in
further production of superoxide anion,40,41 which can cause the
oxidation. Accordingly, the correction of aortic contractile
response in LP rats by NADPH oxidase inhibition and tempol sug-
gests that endothelial dysfunction caused by protein restriction

during peripubertal phase is related to oxidative stress promoted
by hydrogen peroxide and superoxide anion. However, herein
the NADPH oxidase activity and superoxide anion concentration
were not evaluated, been these a limitation of our study.

As described in the present study LP diet during peripubertal
phase caused aortic endothelial dysfunction in adult rats, probably
by a mechanism involving oxidative stress. In agreement with our
findings, it has been described that exposure to low-protein diet in
peripubertal phase causes hypertension,15 also inmany experimen-
tal models of hypertension, high blood pressure is associated with
increased aortic contractility and oxidative stress.42,43 Further,
under these condition, elevated blood pressure can modulate vas-
cular reactivity and ROS generation by activating stretch-induced
signaling pathways in endothelial and vascular smooth muscle
cells.44 Furthermore, aorta not only serves as a conduit during sys-
tole but also acts as a reservoir for blood. Aortic recoil during dias-
tole pushes the remaining stored volume forward into the
peripheral circulation. This elasticity allows the aorta to absorb
the force of the blood as it is pumped from the heart and sub-
sequently propelling it to downstream organs. In some diseases
however (e.g., hypertension), this elasticity is lost due in part, by
the reduced capacity of endothelial cells to modulate the vascular
tone and aortic stiffening. In this case, aortic distending pressures
can be increased and it can have deleterious hemodynamic conse-
quences for delicate downstream organs and increases the risk for
other cardiovascular diseases (e.g., myocardial infarction, heart
failure, and stroke).45,46 Therefore, it is possible to suggest that pro-
tein restriction during peripubertal phase caused aortic endothelial
dysfunction associated with increased oxidative stress which are
very important risk factor in cardiovascular diseases-associated
vascular dysfunction.

Herein, it was also confirmed that peripubertal protein restric-
tion compromised body development, reducing body weight and
growth, without interference in adipose tissue deposition. In fact,
it was recently described, using the same protocol of protein
restriction as the current study, that protein restriction during
the peripubertal period reduced the food intake and growth in this
phase.15 This growth restriction is persistent thought adulthood
and probably related with early caloric restriction. These findings
confirm that the peripubertal phase is an important window for
body plasticity and for interventions to prevent cardiovascular dis-
ease in the adulthood.

The results presented here are consistent with the hypothesis
that a protein-restricted diet (4%) during peripubertal period
causes endothelial dysfunction in adulthood, probably through a
mechanism that involves oxidative stress. Understanding of endo-
thelial alteration caused by protein restriction can favor the appli-
cation of strategies, such as the population’s awareness of the
importance of a diet with an adequate amount of protein in peri-
pubertal phase for the prevention of cardiovascular diseases-asso-
ciated vascular dysfunction in adulthood.
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Table 6. The aortic lipid peroxidation and catalase activity

CTR LP

Catalase activity
(nmol/mg of protein)

47,03 ± 6.60
(6)

29,00 ± 2,28*
(8)

TBARS
(nmol/mg of protein)

1.93 ± 0,30
(6)

3,43 ± 0,50*
(7)

The aortic amount of malondialdehyde (MDA) and catalase activity in adult rats exposed to
protein restriction or commercial chow (CTR) during peripubertal phase. (n) the number of
rats/groups. Data were expressed as the mean ± SEM * p< 0.05 vs CTR (Student’s t-test).
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Control and with protocols approved by the Ethics Committee on the Use of
Animals at the State University of Londrina and Maringá.

References

1. The Lancet Child & Adolescent Health. Child malnutrition: hungry for
action. Lancet Child Adolesc Health. 2021; 5, 459.

2. Larson-Nath C, Goday P. Malnutrition in children with chronic disease.
Nutr Clin Pract. 2019; 34(3), 349–358.

3. Grey K, Gonzales GB, Abera M, et al. Severe malnutrition or famine expo-
sure in childhood and cardiometabolic non-communicable disease later in
life: a systematic review. BMJ Glob Health. 2021; 6(3), e003161.

4. Huang LT. Maternal and early-life nutrition and health. Int J Environ Res
Public Health. 2020; 17(21), 1–4.

5. Thornburg KL, O'Tierney PF, Louey S. Review: the placenta is a program-
ming agent for cardiovascular disease. Placenta. 2010; 31, S54–S59.

6. Swali A, McMullen S, Langley-Evans SC. Prenatal protein restriction leads
to a disparity between aortic and peripheral blood pressure in Wistar male
offspring. J Physiol. 2010; 588(19), 3809–3818.

7. Ceravolo GS, Franco MCP, Carneiro-Ramos MS, et al. Enalapril and los-
artan restored blood pressure and vascular reactivity in intrauterine under-
nourished rats. Life Sci. 2007; 80(8), 782–787.

8. Franco MCP, Christofalo DMJ, Sawaya AL, Ajzen SA, Sesso R. Effects of
low birth weight in 8- to 13-year-old children: implications in endothelial
function and uric acid levels. Hypertension. 2006; 48(1), 45–50.

9. Franco Mdo C, Ponzio BF, Gomes GN, et al. Micronutrient prenatal sup-
plementation prevents the development of hypertension and vascular
endothelial damage induced by intrauterine malnutrition. Life Sci. 2009;
85(7-8), 327–333.

10. Sathishkumar K, Elkins R, Yallampalli U, Yallampalli C. Protein restriction
during pregnancy induces hypertension and impairs endothelium-depen-
dent vascular function in adult female offspring. J Vasc Res. 2009; 46(3),
229–239.

11. Chisaka T, Mogi M, Nakaoka H, et al. Low-protein diet-induced fetal
growth restriction leads to exaggerated proliferative response to vascular
injury in postnatal life. Am J Hypertens. 2016; 29(1), 54–62.

12. de Oliveira Júlio JC, de Moura EG, Miranda RA, et al. Low-protein diet in
puberty impairs testosterone output and energy metabolism in male rats.
J Endocrinol. 2018; 237(3), 243–254.

13. de Oliveira JC, Lisboa Pícia C, de Moura EG, et al. Poor pubertal protein
nutrition disturbs glucose-induced insulin secretion process in pancreatic
islets and programs rats in adulthood to increase fat accumulation.
J Endocrinol. 2013; 216(2), 195–206.

14. de Morais Oliveira DA, Lupi LA, Silveira HS, de Almeida Chuffa LG.
Protein restriction during puberty alters nutritional parameters and affects
ovarian and uterine histomorphometry in adulthood in rats. Int J Exp
Pathol. 2021; 102(2), 93–104.

15. Ferreira ARO, Ribeiro MVG, Peres MNC, et al. Protein restriction in the
peri-pubertal period induces autonomic dysfunction and cardiac and vas-
cular structural changes in adult rats. Front Physiol. 2022; 13, 1–14.

16. Marco EM, Adriani W, Ruocco LA, Canese R, Sadile AG, Laviola G.
Neurobehavioral adaptations to methylphenidate: the issue of early adoles-
cent exposure. Neurosci Biobehav Rev. 2011; 35(8), 1722–1739.

17. De Oliveira JC, Grassiolli S, Gravena C, De Mathias PCF. Early postnatal
low-protein nutrition, metabolic programming and the autonomic nervous
system in adult life. Nutr Metab. 2012; 9(1), 1–8.

18. Almeida DL, Simões FS, Saavedra LPJ, et al.Maternal low-protein diet dur-
ing lactation combinedwith early overfeeding impairmale offspring’s long-
term glucose homeostasis. Endocrine. 2019; 63(1), 62–69.

19. Higashi CM, Sartoretto SM, Echem C, et al. Intrauterine and lactational
exposure to fluoxetine enhances endothelial modulation of aortic contrac-
tile response in adult female rats. Vascul Pharmacol. 2018; 108, 67–73.

20. Ceravolo GS, Filgueira FP, Costa TJ, et al. Conjugated equine estrogen
treatment corrected the exacerbated aorta oxidative stress in ovariectom-
ized spontaneously hypertensive rats. Steroids. 2013; 78(3), 341–346.

21. Prasertsongskun S, SangduenN, Suwanwong S, Santisopasri V,Matsumoto
H. A rapid and sensitive method for the quantitation of microgram quan-
tities of protein utilizing the principle of protein-dye binding. Weed Biol
Manag. 2002; 2, 248–254.

22. Guedes RP, Bosco LD, Teixeira CM, et al. Neuropathic pain modifies anti-
oxidant activity in rat spinal cord. Neurochem Res. 2006; 31(5), 603–609.

23. Aebi H. [13] Catalase in vitro. Methods Enzymol. 1984; 105, 121–126.
24. Grandvuillemin I, Buffat C, Boubred F, et al. Arginase upregulation and

eNOS uncoupling contribute to impaired endothelium-dependent vasodi-
lation in a rat model of intrauterine growth restriction. Am J Physiol Regul
Integr Comp Physiol. 2018; 315(3), R509–R520.

25. Sathishkumar K, Balakrishnan M, Chinnathambi V, Gao H, Yallampalli C.
Temporal alterations in vascular angiotensin receptors and vasomotor
responses in offspring of protein-restricted rat dams. Am J Obstet
Gynecol. 2012; 206(6), 507.e1–507.e10.

26. Sathishkumar K, Balakrishnan MP, Yallampalli C. Enhanced mesenteric
arterial responsiveness to angiotensin II is androgen receptor-dependent
in prenatally protein-restricted adult female rat offspring. Biol Reprod.
2015; 92(2), 55.

27. Torrens C, Hanson MA, Gluckman PD, Vickers MH. Maternal undernu-
trition leads to endothelial dysfunction in adult male rat offspring indepen-
dent of postnatal diet. Br J Nutr. 2009; 101(1), 27–33.

28. FrancoM. Intrauterine undernutrition: expression and activity of the endo-
thelial nitric oxide synthase in male and female adult offspring. Cardiovasc
Res. 2002; 56(1), 145–153.

29. Oliveira V, Akamine EH, Carvalho MHC, et al. Influence of aerobic train-
ing on the reduced vasoconstriction to angiotensin ii in rats exposed to
intrauterine growth restriction: possible role of oxidative stress and at2
receptor of angiotensin II. PLoS One. 2014; 9(11), 1–11.

30. Maia AR, Batista TM, Victorio JA, et al. Taurine supplementation reduces
blood pressure and prevents endothelial dysfunction and oxidative stress in
post-weaning protein-restricted rats. PLoS One. 2014; 9(8), e105851.

31. Boulden BM, Widder JD, Allen JC, et al. Early determinants of
H2O2-induced endothelial dysfunction. Free Radic Biol Med. 2006;
41(5), 810–817.

32. Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA. Apparent
hydroxyl radical production by peroxynitrite: implications for endothelial
injury from nitric oxide and superoxide. Proc Natl Acad Sci USA. 1990;
87(4), 1620–1624.

33. Zou M-H, Shi C, Cohen RA. Oxidation of the zinc-thiolate complex and
uncoupling of endothelial nitric oxide synthase by peroxynitrite. J Clin
Invest. 2002; 109(6), 817–826.

34. Kuzkaya N, Weissmann N, Harrison DG, Dikalov S. Interactions of perox-
ynitrite, tetrahydrobiopterin, ascorbic acid, and thiols: implications for
uncoupling endothelial nitric-oxide synthase. J Biol Chem. 2003;
278(25), 22546–22554.

35. de Belchior ACS, Angeli JK, Faria Tís O., et al. Post-weaning protein mal-
nutrition increases blood pressure and induces endothelial dysfunctions in
rats. PLoS One. 2012; 7(4), 1–9.

36. Franco MCP, Akamine EH, Rebouças N, et al. Long-term effects of intra-
uterine malnutrition on vascular function in female offspring: implications
of oxidative stress. Life Sci. 2007; 80(8), 709–715.

37. Franco MCP, Arruda Réria MMP, Fortes ZB, et al. Severe nutritional
restriction in pregnant rats aggravates hypertension, altered vascular reac-
tivity, and renal development in spontaneously hypertensive rats offspring.
J Cardiovasc Pharmacol. 2002; 39(3), 369–377.

38. Coyle CH,Martinez LJ, ColemanMC, Spitz DR,Weintraub NL, Kader KN.
Mechanisms of H2O2-induced oxidative stress in endothelial cells. Free
Radic Biol Med. 2006; 40(12), 2206–2213.

39. Zhang C, Yang J, Jennings LK. Leukocyte-derived myeloperoxidase ampli-
fies high-glucose–induced endothelial dysfunction through interaction
with high-glucose–stimulated, vascular non–leukocyte-derived reactive
oxygen species.. Diabetes. 2004; 53(11), 2950–9.

40. Lakshmi VM, NauseefWM, Zenser TV.Myeloperoxidase potentiates nitric
oxide-mediated nitrosation. J Biol Chem. 2005; 280(3), 1746–1753.

41. Witting PK, Rayner BS, Wu BJ, Ellis NA, Stocker R. Hydrogen peroxide
promotes endothelial dysfunction by stimulating multiple sources of

Journal of Developmental Origins of Health and Disease 457

https://doi.org/10.1017/S2040174423000119 Published online by Cambridge University Press

https://doi.org/10.1017/S2040174423000119


superoxide anion radical production and decreasing nitric oxide bioavail-
ability. Cell Physiol Biochem. 2007; 20(5), 255–268.

42. Ceravolo GS, Fernandes L, Munhoz CD, et al. Angiotensin II chronic infu-
sion induces B1 receptor expression in aorta of rats. Hypertension. 2007;
50(4), 756–761.

43. LealMAS, Aires R, Pandolfi T, et al. Sildenafil reduces aortic endothelial dys-
function and structural damage in spontaneously hypertensive rats: role of
NO, NADPH and COX-1 pathways. Vascul Pharmacol. 2020; 124, 106601.

44. Birukov KG. Cyclic stretch, reactive oxygen species, and vascular remod-
eling. Antioxid Redox Signal. 2009; 11(7), 1651–1667.

45. Zhang Y, Lacolley P, Protogerou AD, Safar ME. Arterial stiffness in hyper-
tension and function of large arteries. Am J Hypertens. 2020; 33(4), 291–296.

46. Stanhewicz AE, Wenner MM, Stachenfeld NS. Sex differences in endo-
thelial function important to vascular health and overall cardiovascular dis-
ease risk across the lifespan. Am J Physiol Circ Physiol. 2018; 315(6),
H1569–H1588.

458 A. C. Souza et al.

https://doi.org/10.1017/S2040174423000119 Published online by Cambridge University Press

https://doi.org/10.1017/S2040174423000119

	Protein restriction during peripubertal period impairs endothelial aortic function in adult male Wistar rats
	Introduction
	Materials and methods
	Animals and dietary protocol
	Biometric parameters
	Thoracic aorta reactivity
	Assessment of oxidative stress
	Statistical analyses

	Results
	Biometric parameters
	Protein restriction in peripubertal period caused aortic endothelial dysfunction in adulthood
	Oxidative evaluations in aortic tissue

	Discussion
	References


