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The effects of prenatal and postnatal malnutrition on the
morphology, differentiation, and metabolism of skeletal

striated muscle tissue in rats
Alessandra P. Alves,1 Ana R. Dâmaso,2 Vitalino Dal Pai3†

Abstract

Objective:Tostudy the contractile properties,metabolismandmorphological characteristics ofmuscles submitted

to prenatal and postnatal protein malnutrition.

Methods: Animals were distributed into two groups: Control, normoprotein diet (CG; n = 15; 5/5/5), and

Malnourished, hypoprotein diet (MG; n = 15; 5/5/5), and examined on the 7th, 14th, and 28th days of the experiment.

Total body mass, weight, and the contractile properties and morphology of the anterior tibial muscle were assessed.

Several 8 µm-thick tissue samples were taken from 7, 14, and 28 day old rats and stained with HE or subjected to

NADH-TR or m-ATPase (pH = 4.4) techniques.

Results: Body and muscle weight were lower in the malnourished group. On the 7th day of malnutrition, muscle

samplesexhibited fiberswith smaller diameter, higherpolymorphismandhigher endomysial conjunctive tissue content.

Histochemical methods were unable to precisely determine the types of fiber present. On the 14th day, there were

smaller muscle fibers, more polymorphism, many of them with central nuclei and moderate endomysial conjunctive

tissue content. With reference to contractile properties, the m-ATPase reaction identified both slow and fast fibers. The

NADH-TR reaction revealed the following types of fiber: slow oxidative (SO), fast oxidative glycolytic (FOG) and fast

glycolytic (FG).On the28thday smaller, bunchedmuscle fibers varying shapes. All three typesof fiber exhibitedunclear

recognition limits with respect to contraction and metabolism.

Conclusion: Our experimental results suggest that, in addition to the reduction in numbers of fibers, malnutrition

retards the differentiation of the morphological, metabolic, and contractile characteristics of skeletal muscle fibers in

growing rats.
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Introduction

Under normal nutritional conditions, uptake and utiliza-

tion of nutrients are in equilibrium, which ensures growth,

maturation and cell division. These phenomena have a dis-

tinct influence on the phases of gestation, lactation, young

and adult.

Proteins are nutrients that are essential for cellular

homeostasis and, if protein deficiency is accentuatedandhap-

pens during pregnancy, known as prenatal malnutrition, then

an imbalance will occur that causes changes to the tissues and

structures of the organs,1-3 such as low fetal weight and enzy-

matic and biochemical abnormalities. The effects of intrauter-

ine malnutrition depend on the phase of development, and
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will be more intense and longer-lasting the earlier that mal-

nutrition occurs and the later that nutritional recovery takes

place.1

Skeletal muscle tissue is susceptible to protein malnutri-

tion because it is one of the body’s protein stores. Therefore,

when there is a dietary protein deficiency, these tissues

become the target of depletion,2,4,5 modifying growth phases

and differentiation of muscle fibers.

Differentiation of fiber types is a gradual process, occur-

ring during the prenatal and postnatal periods and varying

from species to species.6,7 During embryogenesis, primary

and secondary myotubes are formed simultaneously, and are

innervated differently in one phase of development, and for

secondary myotubes, in addition to specific innervation, mus-

cular activity is also necessary.8

At birth, the maturity of muscle fibers is independent of

nutritional status, and energy malnutrition affects skeletal

muscle if it occurs during the phase of myogenesis, altering

the frequency of fiber types.9

Due to the high prevalence rate of malnutrition in devel-

oping countries, it is important to carry out experiments to

evaluate the possible consequences for the process of growth

of rats during the lactation-weaning transition phase. Based

on this information, this study was carried out with the objec-

tive of evaluating the morphological characteristics of stri-

ated skeletal muscle and also oxidative and glycolytic

metabolism and the contractile properties of slow and fast

fibers from the offspring of rats subjected to protein

malnutrition.

Methods

Experiment

For this experiment 24 Wistar rats (Rattus norvegicus albi-

nus) were used, 18 nulliparous females and six males, at a

proportion of 3:1. As soon as pregnancy was detected, the

males were separated from the females, which were then split

into two groups: a control group (CG), who were given a nor-

moprotein diet (22% protein) and a malnourished group

(MG), fed a hypoprotein diet (8% protein). Both groups

received their experimental diets throughout gestation and

lactationup to the28thdayof theexperiment.10 Animalswere

kept under a 12-12h light-dark regime at an ambient tem-

perature of 23 to 25 ºC, with food and water ad libitum. After

birth, the offspring were with or without intrauterine malnu-

trition were adjusted. Five male offspring were kept in each

group with the lactating mothers up to the ages of 7, 14 and

28 days. The animals were then anesthetized with intramus-

cular acepromazine at 2%, and euthanized with intravenous

sodium thiopental . The euthanasia protocol was approved by

the Ethics Committee at the Universidade do Oeste Paulista

(Unoeste), hearing number 025/02. Next, the anterior tibial

muscle of the right pelvic limb was dissected. Next, tissue

samples of approximately 1 cm in length and 0.5 cm in diam-

eter were taken from the ventral area of the muscle. A period

of 5 to 10 minutes was allowed to elapse for the material to

acclimatize to room temperature, and then the samples were

immersed in n-hexane that had been chilled to -70 ºC using

liquid nitrogen.

Histochemical analyses

Several 8 µm-thick slices were taken from each speci-

men, using a cryostat microtome, at -22 ºC, and set on micro-

scope slides for 30 minutes. After fixing in Baker’s

formol-calcium, some sections were stained with hematoxy-

lin and eosin (HE), some underwent histochemical reaction

with nicotinamide adenine dinucleotide tetrazolium reduc-

tase (NADH-TR) and others were subjected to myofibrillar

ATPase reaction (m-ATPase), after incubation in an acid

medium (pH = 4.4).11

Several microscope fields were evaluated and the mor-

phological characteristics of the tissues observed were

described, as were the fibers’ reactivity for oxidative and gly-

colytic metabolism and for fast and slow contractile proper-

ties. Muscle fibers were classified as slow oxidative (SO): slow

contraction and oxidative metabolism; fast oxidative glyco-

lytic (FOG): fast contraction and oxidative and glycolytic

metabolism; or fast glycolytic (FG): fast contraction and gly-

colytic metabolism.

Statistical analysis

Data on body weight and muscle weight of the CG and MG

underwent statistical analysis using Student’s t test. The per-

centagesof oxidative fibers (SO+FOG)andof glycolytic fibers

(FG) underwent nonparametric analysis of variance, the

Kruskal-Wallis test and Dunn's multiple comparisons test for

rats aged 7, 14 and 28 days from the CG with the fibers from

the MG. The level of significance was defined as p < 0.05.12

Results

Body weight and muscle weight

It was observed that both the overall body weights and

the weights of the anterior tibial muscle were greater in CG

animals than in MG animals, at 7, 14 and 28 days (Table 1).

Histochemical parameters: morphology,

differentiation and metabolism

The sections stained with HE from the 7-day group, which

had been cut perpendicular to the longest axis of the muscle,

proved to be made up a large number of fibers with a variety

of rounded and polygonal outlines, with mildly acidophilic

cytoplasm and with one or more nuclei in peripheral posi-

tions. However, many fibers exhibited undifferentiated char-

acteristics, more rounded outlines, nuclei in central positions

Protein malnutrition: effects on muscle tissue - Alves AP et al. Jornal de Pediatria - Vol. 84, No. 3, 2008 265265



andcytoplasmmorealkaliphilic, in addition toamoderatepro-

portion of endomysial conjunctive tissue. At this age, the fas-

cicles exhibit an organization pattern that is not very defined.

Some fibers had nuclei in central positions, being in the myo-

tube phase, and there were also cells from the myogenic cell

line (Figure 1A).

The histological sections that were processed using

m-ATPase (pH = 4.4), revealed intense reactivity in all fibers,

demonstrating that these fibers have slow contractile proper-

ties. Furthermore, in some of the fibers with greater diam-

eter, this reactivity was even more intense. The conjunctive

tissue between these fibers exhibited a negative reaction.

Although itwasnot possible todelimit thedifferent fiber types,

reactivity was mildly more intense in some of the smaller

fibers. These fibers are of type SO, slow contracting. The other

fibers, of larger diameter, are of types FOG and FG, both fast

contracting. At this age, distinctions between the fibers are

not clear, with a high proportion of slow contracting myosin

(Figure 1C).

At this stage of growth, reactivity of the muscle fibers to

the NADH-TR enzyme, which reveals whether metabolism is

oxidative or glycolytic, was more intense in the smaller diam-

eter fibers, indicating SO fibers, and weaker in those of larger

diameter, indicating fiber types FOG and FG, with oxidative/

glycolytic metabolism and glycolytic metabolism, respec-

tively. Furthermore, the intensity of the FOG fibers’ reactivity

was intermediate, between that of the SO and FG fibers (Fig-

ure 1E).

In contrast, in the muscle tissue of rats with 7 days’ pro-

tein malnutrition, the fibers were smaller, with more variabil-

ity of outline, less acidophilia and a high proportion of loose

conjunctive tissue. In addition to this, the organization patter

of the muscle fiber fascicles was disorganized. Likewise, there

were a large number of fibers with central nuclei (Figure 1B).

Subsequent sections, when subjected to the m-ATPase

(pH = 4.4) reaction, revealed a highly variable reaction inten-

sity betweendifferent types of fibers. In some fibers, the reac-

tion was intense, with a great deal of variation between the

two extremes, varying from moderate to weak in the rest.

Although the limits between fibers were difficult to identify,

the fibers with intense reactivity were slow contracting fibers

(SO), and the others were FOG and FG, both fast contracting

(Figure 1D).

Still with relation to the group of rats with 7 days’

malnutrition; the histological sections that underwent the

reaction to reveal oxidative/glycolytic metabolism, the

NADH-TR enzyme, reactivity was of variable intensity in dif-

ferent fibers, being discretely more intense than in the CG.

However, recognition of the limits between the finer types was

not very clear in this group of animals. Thus, smaller fibers

were observed, with greater reactivity, which were the SO

fibers, and fibers with less reactivity, belonging to the fiber

subtypes FOG and FG (Figure 1F).

At 14 days postnatal, the anterior tibial muscle of the rats

in the CG revealed, with HE staining, fibers bunched in fas-

cicles with varying diameters, polygonal outlines and one or

more nuclei in a peripheral position. Fibers with central nuclei

were infrequent. With relation the 7-day rats, the fibers were

larger and of a more differentiated appearance (Figure 2A).

At this age, the m-ATPase (pH = 4.4) reaction identified three

types of fibers: small with an intense reaction (SO), medium,

with amoderate reaction intensity (FOG)and large,withweak

reactivity (FG). At 14 days the FG make up the greater part of

the fibers (Figure 2C). Histological sections, when subjected

to theNADH-TR reaction, revealed intense reactivity in smaller

fibers, indicating SO and FOG fibers, being weak in those of

greater diameter (FG) (Figure 2E).

Toa significant extent, at this age theanterior tibialmuscle

of the rats in the MG exhibited smaller fibers than that from

the CG, with variable outlines, many with central nuclei, being

compatible with myotubes. Between the fibers, a moderate

proportion of conjunctive tissue was observed (Figure 2B).

The m-ATPase (pH = 4.4) reaction demonstrated moderate

reactivity in the majority of the fibers. In some of the fibers

(SO), the reaction was more intense. At this phase of growth,

Table 1 - Means of body and muscle weight and medians of oxidative fibers (SO + FOG) and glycolytic fibers (FG) from offspring of rats in control

and malnourished groups, assessed at days 7, 14 and 28

Weight/fibers

Age

7 days 14 days 28 days

Control Malnourished Control Malnourished Control Malnourished

Body weight (g) 12.7±0.63 6.94±0.95* 18.1±1.30 14.6±2.26 50.6±2.30 17.1±1.48*

Muscle weight (mg) 17.4±1.47 4.98±1.75* 26.5±3.24 14.6±2.26* 96.5±4.51 23.9±2.47*

SO + FOG 89.0 90.0 96.0 91.0 91.0 99.0*

FG 31.0 30.0 24.0 29.0 29.0 21.0*

FG = fast glycolytic; FOG = fast oxidative glycolytic; SO = slow oxidative.
* p < 0.05.
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the distinction between the fiber types FOG and FG was diffi-

cult to discern (Figure 2D). The results of the NADH-TR reac-

tion identified three basic types of fiber, being, the SO with an

intense reaction, the FOG with moderate reactivity and the

larger FG, with a weaker reaction (Figure 2F).

At 28 days, the tibial muscles of the rats in the CG were

made up of fibers with significantly larger diameters, polygo-

nal outlines and with peripheral nuclei, observed using HE

staining. The cytoplasm of the smaller fibers was mildly alka-

liphilic, compatible with SO type fibers. Some of the fibers still

had central nuclei (Figure 3A). Reactivity to the m-ATPase

enzyme identified the three basic types of fiber: SO, with very

intense reactivity, through moderate in FOG and weak in FG

(Figure 3C). Similarly, the reactivity to the NADH-TR enzyme

revealed a patter of reactivity characteristic of an advanced

degree of differentiation, where the SO fibers, with small

diameter, exhibited an intense reactivity; while those of

A) Control group: muscle fibers (F), perimysium (P), endomysium (e), central nucleus (nc); HE,
128x magnification. B) Malnourished group: smaller muscle fibers, more polymorphism (F), cen-
tral nucleus (nc); HE, 128x magnification. C) Control group: slow contracting fibers and oxidative
metabolism (SO), perimysium (P), small muscle fiber (B); m–ATPase (pH = 4.4), 128x magnifi-
cation.D)Malnourishedgroup:darker, intermediate and lighter fiberswithdiameters andoutlines;
m-ATPase (pH = 4.4), 128x magnification. E) Control group: slow contracting fibers and oxida-
tive metabolism (SO), fast contracting and oxidative and glycolytic metabolism (FOG), and fast
contracting and glycolytic metabolism (FG); NADH-TR, 128x magnification. F) Malnourished
group: slow fibers and oxidative metabolism (SO), with intense reactivity, moderate and weak
reactions in other fibers; NADH-TR, 128x magnification.

Figure 1 - Cross sections of anterior tibial muscle of Wistar rat: HE, m-ATPase
(4.4), NADH-TR, 7 days (control and malnourished groups)
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medium diameter (FOG) had medium reactivity and homoge-

neous distribution throughout the cytoplasm, and the FG,

more hypertrophic, with weak reactivity (Figure 3E).

In the 28 days’ malnutrition group, morphological, meta-

bolic and contractile patterns of the fibers revealed the follow-

ing changes: smaller fibers, that are elongated and in a

compact arrangement (Figure 3B); fibers with central nuclei;

reactivity to m-ATPase strong, medium and weak, with

unclear limits between fiber types (Figure 3D); reactivity

NADH-TR strong, medium and weak in SO fibers, FOG and FG,

respectively (Figure 3F).

Discussion

According to the literature, nutritional restriction signifi-

cantly affects growth and differentiation of tissues and cells.

The earlier the malnutrition, the more severe the effects,

resulting in greater severity and extent of damage to a range

A) Control group: muscle fibers (F), with larger diameter and with a more differentiated appear-
ance, with relation to the 7-day group, endomysium (e), perimysium (P); HE, 128x magnifica-
tion. B) Malnourished group: muscle fibers (F) smaller with higher proportion of conjunctive tis-
sue, fibers with central nuclei (nc), endomysium (e), perimysium (P); HE, 128x magnification. C)
Control group: fiber types (SO, FOG, FG), endomysium (e); m-ATPase (pH = 4.4), 128x magni-
fication. D) Malnourished group: fibers with intense reactivity (SO), moderate reactivity in the
majority of fibers, endomysium (e); m-ATPase (pH = 4.4), 128x magnification. E) Control group:
smallermuscle fibers (SO, FOG)withgreater reactivity and larger fibers (FG),withweak reactivity;
NADH-TR, 128x magnification. F) Malnourished group: smaller fibers, with oxidative metabolism
(SO + FOG), larger fibers (FG), with glycolytic metabolism; NADH-TR, 128x magnification.

Figure 2 - Cross sections of anterior tibial muscle of Wistar rat: HE, m-ATPase
(4.4), NADH-TR, 14 days (control and malnourished)
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of organs and systems.4 These findings emphasize the impor-

tance of nutritional recovery at early phases of life, in order to

achieve normal growth and development.13-15

Research demonstrates that maternal protein deficiency

at the start or from the second half of gestation affects the

body weight and number of muscle fibers in the offspring,

observed in studies undertaken with low birth weight rats,

dogs and monkeys.2,5,16

In our investigation, body weight was significantly lower
in the MG than in the CG. This difference was approximately
three times greater at 28 days’ age, demonstrating that the

deleterious effects on the offspring’s growth are accentuated

to theextent that thedurationofmalnutrition increases. Simi-

lar results havebeen reportedby several other authors in their

studies of prenatal malnutrition.4 It has also been observed

that protein malnutrition statistically reduces the muscle tis-

sue weight. This is probably due to lost tissue proteins. Sev-

eral authors have reported similar results.2,5,17

A) Control group: muscle fibers (F), with differentiated appearance and varying diameters, per-
imysium (P), endomysium (e), central nucleus (nc); HE, 128x magnification. B) Malnourished
group: fibers (F) with smaller diameter with relation to the control group, with variable diameters
and outlines, perimysium (P), endomysium (e), central nucleus (nc). C) Control group: types of
SO fibers, FOG, FG; m-ATPase (pH = 4.4), 128x magnification. D) Malnourished group: muscle
fibers with strong, medium and weak reactivity with unclear limits; m-ATPase (pH = 4.4), 128x
magnification. E) Control group: fibers with small diameters (SO), with intense reactivity, fibers
of medium size, with moderate reaction (FOG), larger fibers, with weak reactivity (FG). F) Mal-
nourished group: strong reactivity for oxidative metabolism in small, medium fibers, and weak
reactivity in larger fibers with glycolytic metabolism; NADH-TR, 128x magnification.

Figure 3 - Cross sections of anterior tibial muscle of Wistar rat: HE, m-ATPase
(4.4), NADH-TR, 28 days (control and malnourished)
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Studies of the size of the muscles of animals subjected to

postnatal malnutrition have revealed that this reduction is pri-

marily attributable to a reduction in the volume of the fibers

(hypotrophy) rather than to a reduction in the total number

of fibers in the tissue (hypoplasia).17-19 With intrauterine mal-

nutrition, however, there is evidence that the phenomenon of

hypoplasia is what occurs. Therefore, in this study, the result

of lower muscle weight among the malnourished animals

appears to be the result of both processes, hypoplasia and

hypotrophy, since they were subjected to malnutrition both

during the intrauterine period and while newborn.

At birth, even in the normal rats, the muscle tissue had a

high number of immature fibers. In addition to the format of

the fibers, the increased cytoplasmic alkalinophilia and the

occurrence of variable numbers of fibers with one or more

nuclei in a central position are all characteristics indicative of

the immaturity of the tissue.20,21 As with the morphology, the

metabolism and slow and fast contractile properties of the

fibers revealed the greater immaturity at ages 7 and 14 days,

although this was worse among the rats subjected to protein

restriction.

A study involving quantitative aspects of the growth and

differentiation of muscle fibers did not describe the occur-

rence of any increase in the interstitial space, although the

number of fibers was reduced.5 In our study, although the

number of fibers was not analyzed, the increased proportion

of the loose conjunctive tissue area between the fibers is

indicative of hypoplasia.

Among mammals, it has been observed that tonically

active striated red muscles have more oxidative activity than

white ones.2 According to the literature, there are two types

of red fibers: those with slow contraction and oxidative

metabolism (SO) and those with fast contracting and oxida-

tive and glycolytic metabolism (FOG).22 In this study, during

the periods studied, the anterior tibial muscle proved to have

an elevated proportion of red fibers, being greater in the MG.

In turn, the white fibers have rapid contractile properties

and glycolytic metabolism (FG) and exhibit, during the ages

studied, lower frequencies among the rats in the MG. The

greater number of red fibers observed in the MG appears to

be associated with the lesser degree of differentiation of the

fibers, which is attributed to malnutrition.

The greater or lesser degree of the red coloration of a

muscle or its regions is dependent on the types and fre-

quency of its fibers.23 For these authors, the deepest region

of a muscle contains a greater frequency of fibers with aero-

bic metabolism (SO and FOG) and glycolytic fibers (FG) pre-

dominate in the superficial areas. Previous studies in this area

of investigation have demonstrated that malnutrition signifi-

cantly affects the growth and maturation of the central and

peripheral nervous system.23,24

Some authors emphasize that differentiation between the
different types of muscle fiber depends on the neuron that
innervates it, andproteindeficiency can result inhypoplasia.25

In the animals in the CG, and with greater intensity in the
MG, the muscle tissue studied revealed the presence of fibers
with central nuclei, compatible with fibers in an undifferenti-
ated phase - myotubes. In the rat myotubes proliferation

occurs from the 17th day of gestation on, continuing until the

second week after birth.25 In our results, we observed a

greater number of myotubes in the weeks after birth, espe-

cially among the malnourished animals. These myotubes

could still be detected in the 4-week-old animals. Based on

the m-ATPase reactivity, which reveals the contractile prop-

erties of the fibers, slow or fast, at 7 days some fibers could

be observed with larger diameter and greater reactivity for

slow-contractingmyosin than for other fibers. Theseappeared

to be disperse and, from a histochemical point of view, are

consideredequivalent to thealkaliphilic B fibers,with the char-

acteristics of myotonia described by Dubowitz.26 In humans,

these fibers account for 4 to 5% of fibers at the 18th week of

gestation. Its myosin is of the slow contraction type,27 and

their number becomes greatly reduced at around the 30th

weekof gestation. At this phaseof development, the slowcon-

tracting fibers are also present in the muscle in greater num-

bers, being variables andweak, indicating thepresenceof fast

contracting myosin, characterized by its intense reactivity to

m-ATPase, althoughonlywhen the reaction is carriedoutwith-

out pre-incubation in acid pH.28

In the study groups, the reactivity pattern of the oxida-

tive and glycolytic metabolism of the fibers was more differ-

entiated than the contractile properties, even in the rats in

the 7-day group, although this was more notable in the ani-

mals in the CG. Among these animals, both the morphology

of the fibers and the endomysial conjunctive tissue was nor-

mal with a greater degree of differentiation.
27,29

The results of this study suggest that intrauterine malnu-

trition and during the neonatal period provokes a reduction in

the number of fibers, in addition to delaying the differentia-

tion of morphological, metabolic and contractile characteris-

tics of skeletal muscle fiber types in rats during growth,

emphasizing the importance of good nutrition and of avoid-

ing the deleterious effects becoming irreversible. However,

further studies should be carried out with the objective of con-

firming this evidence.
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