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Maternal malnutrition during lactation in Wistar rats:
effects on elastic fibers of the extracellular
matrix in the trachea of offspring®**

Desnutricdo materna durante a lactacdo em ratos Wistar: efeitos sobre as
fibras elasticas da matriz extracelular na traqueia dos filhotes
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Abstract

Objective: To investigate the effects of maternal protein malnutrition during lactation on the elastic fibers
in the tracheas of Wistar rat pups. Methods: At delivery, 12 male pups of two Wistar rat dams were equally
divided into two groups: control, in which the dam received water and standard rat chow ad libitum during
lactation; and protein-restricted (PR), in which the dam received water ad libitum and an isoenergetic PR diet
(8% protein). At 21 days of age, the pups were killed and their tracheas were excised. The elastic fibers were
stained with Weigert's resorcin-fuchsin (after oxidation) and evaluated under light microscopy. Morphometric
determinations were performed by stereology, with the point-counting method, and expressed as volumetric
densities. Results: Elastic fibers, most having a longitudinal distribution, were identified beneath the tracheal
mucosa. In addition, well-defined circular layers of elastic fibers were found around the inner and outer
surfaces of the cartilaginous ring. There were no differences between the groups regarding the organization
and distribution of the elastic fibers. The volumetric density of the elastic fibers of the pups in the control and
PR groups was 2.46 + 0.99% and 3.25 + 1.13%, respectively (p < 0.01). Conclusions: The volumetric density
of elastic fibers appears to be greater in rat pups breastfed by dams receiving a PR diet than in those breastfed
by dams receiving a normal diet.

Keywords: Trachea/growth and development; Trachea/anatomy and histology; Extracellular matrix;
Airway remodeling; Malnutrition.

Resumo

Objetivo: Investigar os efeitos da desnutricido proteica materna durante a lactacdo sobre as fibras eldsticas da
traqueia de filhotes de ratos Wistar. Métodos: Ao nascimento, 12 filhotes machos de duas ratas Wistar foram
igualmente divididos em dois grupos: grupo controle, cuja mae recebeu agua e dieta padrdo de laboratdrio
ad libitum durante a lactagdo, e grupo restricdo proteica (RP), cuja mée recebeu dgua ad libitum e dieta
isoenergética com RP (8% de proteina). Aos 21 dias de vida, os filhotes foram sacrificados, e suas traqueias
foram ressecadas. As fibras elasticas foram coradas pelo método de resorcina-fucsina de Weigert (precedido de
oxidacdo) e avaliadas sob microscopia dptica. As determinacdes morfométricas foram feitas por estereologia,
utilizando o método de contagem de pontos, e expressas em densidade volumétrica. Resultados: As fibras
elasticas foram identificadas abaixo da mucosa traqueal, sendo a maioria em distribuicdo longitudinal. Além
disso, camadas circulares bem definidas de fibras eldsticas envolviam as superficies interna e externa do anel
cartilaginoso. Nao houve diferencas entre os grupos quanto a organizagdo e distribuicdo das fibras eldsticas.
A densidade volumétrica das fibras eldsticas dos filhotes nos grupos controle e RP foi de, respectivamente,
2,46 + 0,99% e 3,25 + 1,13% (p < 0,01). Conclusdes: Nossos resultados sugerem que a densidade volumétrica
de fibras eldsticas ¢ maior em filhotes de ratos alimentados por fémeas submetidas a dieta com RP do que
naqueles de mées recebendo dieta normal.

Descritores: Traqueia/crescimento e desenvolvimento; Traqueia/anatomia e histologia; Matriz extracelular;
Remodelacéo das vias aéreas; Desnutrigdo.
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Introduction

Malnutrition is the most prevalent form of
nutritional disorder among children in developing
countries. In hospitalized patients, the reported
prevalence of malnutrition is as high as 75%.(?)
In addition, hospitalization further worsens the
nutritional status. Malnutrition has been associated
with increases in the risk of in-hospital morbidity/
mortality, the length of hospital stay, the costs,
and the use of health care resources.” Therefore,
studying malnutrition is relevant and timely.

Some investigators have shown that the
nutritional status of the mother during gestation
and lactation is essential to normal growth and
development in humans and in experimental
animals.*® Previous studies have shown that
maternal malnutrition during lactation might
change milk composition, serum hormone levels
in pups at weaning, and the reproductive system
in females. Interestingly, some of these changes
can persist into adulthood.®

The rat has long been used as a model when
studying the human respiratory tract and major
airway diseases. The composition of the elastic
fibers in the tracheas of rats is similar to that of
those in the tracheas of humans.” In addition,
the rat is considered a good model for nutritional
research.®

Few studies have focused on the morphology
of the trachea, especially regarding its extracellular
matrix and elastic fibers.”? Although considerable
attention has been given to the elastic properties
of the lung and chest wall, there have been no
studies investigating the elastic network of the
major airways.® We consider that the lack of
studies on this topic is relevant, since procedures
involving the trachea and the airways are emerging
and becoming more complex. Tracheal resection
with anastomosis, the utilization of a wide range
of airway stents, and, recently, the attempts at
tracheal transplantation and replacement with
allografts!'®'? make it essential to improve the
understanding of the extracellular matrix. In
addition, the effects of protein malnutrition
on tracheal histology are worth studying, given
the prevalence of this condition in hospitalized
patients, especially in those in developing
countries.!>6)

An understanding of the effects of protein
malnutrition on the elastic fibers in the tracheas
of rats might improve the scientific knowledge
base on the composition and organization of

the extracellular matrix in this organ. Studies of
tracheal transplantation and tracheal replacement
with aortic allografts have demonstrated that the
development of mature respiratory epithelium and
newly formed cartilage occurs in the extracellular
matrix, particularly amid the elastic fibers."*" This
finding supports the key roles of the extracellular
matrix and elastic fibers in the healing process. The
objective of present study was to investigate the
effects of maternal protein malnutrition during
lactation on the elastic fibers in the tracheas of
Wistar rat pups. In our analysis, we characterized
and quantified the elastic fibers in the trachea.
Our quantitative analyses focused on volumetric
density determination by stereological methods.!™

Methods

The study design and experimental protocols
were approved by the Animal Care and Use
Committee of the Fluminense Federal University,
located in the city of Niteroi, Brazil, and were
in accordance with the American Physiological
Society guidelines." The experiments described
herein were performed in accordance with the
guidelines of the Brazilian College for Animal
Experimentation.('®

Wistar rats obtained from the Experimental
Morphology Laboratory of the Fluminense
Federal University were housed at 25 + 1°C on a
12/12-h light/dark cycle (lights on from 7:00 a.m.
to 7:00 p.m.) throughout the experiment. Two
three-month-old virgin female rats were housed
in individual cages with two male rats, at a
proportion of 1:1. After mating, each female was
placed in an individual cage. The two females
had a normal pregnancy, having received food
and water ad libitum until delivery. All of the
pups were born in good health.

At delivery, one of the Wistar rat dams—the
control dam—was started on water and standard
rat chow ad libitum and the other—the protein-
restricted (PR) dam—was started on water ad
libitum and an isoenergetic PR diet during that
period. The quantity of diet that the PR dam
received each day was calculated on the basis
of the mean intake by the control dam in order
to prevent the PR dam from “compensating”
for the reduced protein intake by ingesting a
greater quantity of the diet.”)

The low-protein diet was prepared in our
laboratory, and its composition is shown in Table 1.
This diet has been used in previous studies.®) The
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vitamin and mineral mixtures were formulated in
order to meet the American Institute of Nutrition
AIN-93G recommendations for rodent diets.® In
order to evaluate the nutritional status, the body
weight of the pups and dams were monitored
throughout the experiment. Twenty-four hours
after birth, excess pups were removed in order
to reduce the size of each litter (group) to six,
since this procedure maximizes lactation.®” At
delivery, the PR diet started to be offered to the
PR dam, this having been defined as lactation day
0 (D0). At 21 days of age (weaning), all pups were
killed with an overdose of sodium pentobarbital
(0.15 mL/100 g of body weight) in the morning
and perfused through the left ventricle with PBS,
followed by a formalin solution.

After perfusion, the tracheas were dissected
from the adjacent structures, excised, fixed in a
solution of 4% formalin in 0.1 mol/L PBS (pH
7.4) for 24 h at room temperature, processed in
accordance with routine histological methods, and
embedded in paraffin. From the paraffin-embedded
samples, 5-pm-thick sections were initially stained
with H&E in order to confirm sample adequacy.
Weigert’s resorcin-fuchsin, preceded by oxidation
with potassium peroxymonosulfuric acid (Oxone®),
was used for the demonstration and evaluation of
elastic fibers, which were stained violet, producing
a sharp contrast.

Table 1 - Diet composition for the control dam and
protein-restricted dams.

. Protein-
Variable Control® restricted®
Total protein, g/kg® 230.0 80.0
Corn starch, g/kg 676.0 826.0
Soybean oil, g/kg 50.0 50.0

Vitamin mixture, g/kg¢ 4.0 4.0

Mineral mixture, g/kg* 40.0 40.0
Macronutrient composition, %
Protein 23.0 8.0
Carbohydrate 66.0 81.0
Fat 11.0 11.0
Total energy, kJ/kg 17,038.7 17,038.7

aStandard rat chow (Nuvilab-Nuvital Ltd., Curitiba, Brazil).
"The protein-restricted diet was prepared in our laboratory
by replacing part of the protein content of the control diet
with corn starch. The amount of starch was calculated to
provide the same energy content as that provided by the
control diet. “The main protein sources were soy, wheat,
beef, fish, and amino acids. %Vitamin and mineral mixtures
were formulated to meet the American Institute of Nutrition
AIN-93G recommendations for rodent diets.('®
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From each specimen, five tissue sections were
analyzed, and from each section, five random
fields were evaluated; therefore, we analyzed 25
test areas for each individual. The analyzed fields
were digitized using a video camera coupled to
a light microscope, with a final magnification
of x400. The quantification was carried out by
using a specific test grid system (M42) on the
digitized fields on the screen of a color monitor.
The volume density of the histological components
was calculated by the following formula:

W= Pp|lPt

where 1vis the volume density, pis the tissue
component to be taken into consideration, Ppis
the number of test points associated with p, and
Pt is the number of points of the test system.
The stereological methods employed have been
described in detail elsewhere.”'?)

The data are expressed as mean + SD, with the
respective 95% Cls. The Mann-Whitney test was
used in order to compare the results between the
groups. We used the program GraphPad Prism,
version 4 (GraphPad Inc., San Diego, CA, USA).

Results

The body weight gain of the pups throughout
the study is depicted in Figure 1. At the end of
the study (D21), the body weight of the pups of
the PR dam (PR group) was approximately 61%
lower than was that of those of the control dam
(control group; p < 0.01). The body weight of
the PR dam at D21 was approximately 37% lower
than was that of the control dam (p < 0.01).

Body weight, g

0O 2 4 6 8 10 12 14 16 18 20 22

Age, days
—- Control -®-PR

Figure 1 - Body weight gain of the rat pups in the
control and protein-restricted (PR) groups, sacrificed
at 21 days of age (p < 0.01).
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Elastic fibers, most having a longitudinal
distribution, were identified beneath the tracheal
mucosa in both groups. Bundles of oblique fibers
were found in this region, forming an irregular
network of elastic tissue (Figure 2). In close contact
with the inner surface of the cartilaginous ring,
a well-defined and organized circular layer was
present, surrounding the cartilage (Figure 3).
Outside the cartilaginous rings, the elastic
fibers were exclusively arranged in a circular

50 pm

Figure 2 - Photomicrograph of a tracheal section
showing the epithelium (single white asterisk) and
the basal layer (double white asterisks). Note the
longitudinal distribution of elastic fibers beneath
the basal layer (black asterisks), with a few oblique
bundles (Weigert’s resorcin-fuchsin; magnification,
x600). C: cartilage.

Figure 3 - Photomicrograph of a tracheal segment
showing the epithelium (single white asterisk) and
the basal layer (double white asterisks). A circular
layer of elastic fibers is in close contact with the
inner surface of the cartilaginous ring (single black
asterisk). Outside the cartilage (C), there is a single
circular layer (double black asterisks) of elastic fibers
(Weigert’s resorcin-fuchsin; magnification, x600).

layer, following the circular cartilaginous rings
(Figure 3). In that topography, there was no
longitudinal or oblique arrangement of elastic
fibers. There were no differences between the
groups regarding the organization and distribution
of the elastic fibers in the trachea.

Regarding quantitative stereological analysis,
our study revealed that the volumetric density of
the elastic fibers of the pups in the control and
PR groups was 2.46 + 0.99% (95% Cl: 2.05-2.87;
p <0.01) and 3.25 + 1.13 (95% Cl: 2.78-3.71;
p < 0.01), respectively. A comparison of the
volumetric density between the groups is shown
in Figure 4.

Discussion

Since the advent of computer-aided image
analysis programs, most studies attempting to
quantify linear structures have used area density.
™ These programs use the color properties of the
elements (pixels) of an image in order to determine
a threshold level for inclusion. However, in very
thin linear structures, such as elastic fibers, the
contrast between the structural elements (e.g.,
fibers) and the background is low; therefore,
there is a high error rate when such programs
are used.”?)

The point-counting method (stereology) used
in our study has proven to be quite effective in
avoiding the bias that frequently occurs when
computer-based image analyses are performed.
This method has been widely used in order to
determine the amount of elastic fibers when
analyzing the morphological composition of
a tissue.”'? This quantification is expressed as

4
3
5
= 2-
2
1
0_

Control PR

Figure 4 - Volumetric density (Vv), expressed as
percentage, of the elastic fibers in the tracheas of
the rat pups in the control and protein-restricted (PR)
groups, at 21 days of age (p < 0.01).
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the proportion of the volumetric density of the
tissue that is occupied by elastic fibers.

Elastic fibers are characterized by major
extensibility and elastic recoil. The location
and arrangement of these fibers are related to
their functionality, which reflects the mechanical
properties of the local tissue.!'”'® Extensibility and
elastic recoil in the human trachea are remarkably
age-dependent, decreasing from a maximum
of 50% in children to approximately 20% at
70 years of age.'® Although the aging-related
decrease in the elastic properties of the lungs
and chest wall has been extensively studied,
studies involving the elastic tissue of the major
airways are still scarce.®'?)

The importance of normal tracheal morphology
is highlighted by congenital and acquired tracheal
deformities, such as tracheobronchomegaly,
tracheomalacia, and benign tracheal stenosis.
The extracellular matrix plays a pivotal role in
these remodeling processes, and the elastic fibers
make a special contribution to that role.(%'

The objective of the present study was to
evaluate the effects of a PR diet during lactation
on the elastic fibers in the tracheas of Wistar rats.
The Wistar rat has been by far the most used as a
model for the human respiratory tract and major
airway diseases. We performed a qualitative analysis
of the distribution and organization of the elastic
fibers (Figures 2 and 3). More importantly, we
performed a quantitative evaluation (Figure 4),
providing stereological data on the concentration
of elastic fibers in the tracheas of the rats. The
findings in the PR group were compared with
those in the control group.

The nutritional status of a relevant proportion
of patients undergoing surgical procedures is
far from ideal, and malnutrition can affect the
outcomes of such procedures.?* According to
previous studies, the first week of life is a critical
period regarding the nutritional status, and the
weight of an animal at an early age can influence
the food intake and body weight of that animal
for the rest of its life. Therefore, the degree of
malnutrition during the fetal or neonatal period
can determine the extent to which there will
be recovery of the nutritional status during the
periods of growth and development.©™

Regarding the relationship between elastic
fibers and surgical procedures involving the
airways, new findings have emerged from
recently attempted experiments involving tracheal
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replacement in pigs.™ In the study in question, the
authors used aortic allografts to replace a tracheal
segment and found that the normal aortic tissue
in the allograft was replaced by a morphological
structure that resembled a “new trachea”, with
mature ciliated respiratory epithelium, respiratory
glands, islets of cartilage, and even well-formed
cartilage arches. Interestingly, this new trachea
developed amid islets of elastic fibers in the
extracellular matrix of the aortic allograft.('"”
The extracellular matrix and the elastic fibers
in particular seem to play an important role in
the process of tissue regeneration and cellular
ingrowth of recipient progenitor cells in the
trachea.'®" Tracheal replacement might be an
option in the future, when radical surgery for
primary tracheal tumors, with resection of more
than half of the tracheal length, is necessary. In
one study on tissue-engineered replacement of
a major airway, the authors discussed the active
role of the extracellular matrix in regulating
various aspects of cell biology that are essential
to normal tissue function.'” Therefore, research
on the extracellular matrix of the airway is needed
in order to improve the understanding of the
morphological changes in this matrix during
the process of inflammation and healing. In
addition, experiments in the field of bioengineering
have emphasized the role of elastic fibers in
the development of new extracellular matrix-
derived prosthetic materials, such as bioreactive
substrates.(19:20)

Regarding airway elastic fibers, previous
studies have shown major changes related to the
aging process. Age-related changes in the elastic
fibers have been found beneath the epithelium
of the human larynx.U'® Interestingly, there is
an increase in the concentration of elastin in
geriatric patients in comparison with that in
young adults, although it is well known that the
trachea loses its elastic properties with age.('®2"
Elastin increases continuously and progressively as
individuals age. This phenomenon has also been
reported to occur during the aging of the arteries
and larynx, as well as regarding the extensibility
of the lung.®?"?? Some studies have suggested
that elasticity decreases in the elderly because
the calcium-binding ability of elastin increases
with age, although no histological changes can
be detected in the elastic fibers.?"??

An increasing number of patients are being
submitted to interventional procedures involving
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the airways.!"%'>?) The nutritional status of several
of these patients is abnormal; therefore, a deeper
and more detailed understanding of the effects
of malnutrition on the trachea is necessary. In
addition, especially in developing countries, a poor
socioeconomic status can lead to malnutrition
during different periods of life, such as gestation,
suckling, and weaning (or even later), and the
effects of malnutrition on the organs might be
irreversible.>®

Figures 2 and 3 depict the qualitative
evaluation of the elastic fibers in both groups
of pups, which were identical. Regarding the
quantitative evaluation by means of stereology, we
found that the volumetric density of the elastic
fibers was significantly higher in the PR group
than in the control group (Figure 4). Previous
studies have shown increased concentrations of
elastic fibers and elastin during the aging process.
Although further investigation is needed in order
to establish a direct correlation between normal
aging and malnutrition as an influence on the
process of tissue remodeling over the lifetime
of individuals, the effects of malnutrition on
Wistar rats during the initial periods of life might
resemble the effects of the aging process. In
addition, recent advances in the field of tracheal
replacement by allografts, tissue-engineered
airway replacement, and the development of
new extracellular matrix-derived prosthetic
materials demand a better understanding of
the morphology of elastic fibers in the trachea
and the changes that might occur in patients
submitted to invasive procedures involving the
airways.(lo,n,zo)

In conclusion, our study showed that maternal
malnutrition during lactation can affect the
development of elastic fibers in the tracheas of
Wistar rat pups. Our morphometric analysis by
stereology (quantitative evaluation) demonstrated
a significant increase in the volumetric density
of elastic fibers in the rat pups breastfed by the
dam receiving a PR diet, when compared with
those in the control group. The organization
and distribution (qualitative evaluation) of the
elastic fibers in the tracheas of the rat pups were
similar between the groups.
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