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Effects of a protein deficient diet on several aspects of protein
metabolism in pregnant rats have been investigated. The groups of rats
investigated were normal pregnant, protein deficient pregnant, protein
deficient virgin controls and virgin controls treated with progesterone or
an oestrogen. Measurements include: body weight and food intake; tissue
composition of protein, free amino nitrogen, RNA and DNA; amino acid
oxidation; whole body protein turnover; rates of protein synthesis in
skeletal muscle, liver, foetus and placenta; activity of cathepsin D,
calcium-activated protease, alkaline protease(s) in skeletal muscle; serum
levels of progesterone, oestradiol, insulin and corticosterone,

The results indicate that muscle protein metabolism was more influenced
by pregnancy than by the diet. Muscle protein synthesis showed anabolic
and catabolic responses during pregnancy. The diet only modified the
biphasic pattern towards a lower rate of synthesis during the catabolic
phase, Proteolytic enzymes examined, do not seem to regulate the
reduction in muscle protein mass observed during the catabolic phase.

When administered to virgin rats, progesterone produced anabolic and
oestrogen catabolic effects on muscle protein metabolism. However, serum
levels of oestradiol showed a positive correlation with muscle protein
mass in the catabolic phase of both normal and protein deficient pregnancy.
The same was true for corticosterone, Muscle protein content is probably
regulated by serum level of amino acids, progesterone and insulin.

Liver protein metabolism was more affected by the diet than by preg-
nancy, No biphasic pattern was observed in liver protein metabolism. It
is postulated that this is because in pregnancy, liver, unlike muscle, is
not primarily a protein reservoir and its size and protein composition
depend on the quantity of nutrients and metabolites it has to process,
Thus, reduced amino acid oxidation may contribute to protein economy in
protein deficient pregnancy but not in normal pregnancy.

The size of both placenta and foetus were reduced by the diet to 60%
and 80% of the control values respectively. However, they both have a
normal composition, Also, their rates of protein synthesis increased with
the protein deficient diet. It is postulated that foetal weight loss was
due to the combination of low protein and high carbohydrate content of
the diet and foetal amino acid supply was reduced only while the effect
of the meal on maternal circulation persisted. Whole body protein
turnover was increased in normal pregnancy particularly in the catabolic
phase. The diet suppressed this ‘increase.

It was clear that all organs in the pregnant body were affected by the
diet including the foetus. Nevertheless, pregnancy in general is an
anabolic state with particular adaptations which at times of stress (of
the type studied in the present thesis) can operate with remarkable
efficiency to protect primarily the foetus against any severe effects such
as death or metabolic distortion. The maternal tissues also enjoy some
degree of protection; but, while pregnancy lasts, the foetus has a
minimum parasitic effect on maternal tissues regardless of the protein
content of the diet.
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...'Neither snow nor rain nor gloom by night
shall stay these couriers from the swift

completion of their appointed rounds

"Cause when love is gone, there's always justice
And when justice is gone, there's always force

And when force is gone, there's always mom. Hi mom!"

Laurie Anderson

(from "G’ Superman'')



Chapter 1

Introduction



(I) Background

Pregnancy in mammals 1is accompanied by dramatic
changes in metabolism. As the female body assumes a new
major function, a novel and dynamic metabolic profile
develops throughout the period of gestation. These dynamic
developments affect almost all maternal tissues. Tissue
components such as protein and lipids, and their distributions
are altered in the maternal body (Blaxter 1964; Hamosh
et al. 1970; Hervey and Hervey 1964; Knopp et al. 1973;
Naismith and Morgan 1976). These changes are accompanied
by hormonal variations particular to pregnancy (Hytten and
Leitch 1971), creating a general state of anabolism.
Increased voluntary food intake as well as enhanced
efficiency of food utilization (Blaxter 1964) cause
maternal weight gain. The retention of nutrients in the
body during pregnancy normally exceeds the amounts
attributable to the growth of the products of conception
and enlargement of the organs of reproduction. Numerous
investigations on different mammals show an increase in
"extrauterine' body weight in pregnant, compared with non-
pregnant controls. During normal pregnancy, large
depositions of tissue protein occur. The sites of
deposition are numerous, not only within the foetus and
placenta as they grow, but within the maternal structure,
in carcass, uterus, liver and mammary tissue.

The adaptations in protein metabolism during pregnancy
are just part of a complex network which makes a unique and
interesting subject for metabolic studies. What makes
pregnancy so fascinating is that it integrates the
metabolism of an animal in its period of fastest rate of
growth (the foetus) with one in a presumably steady state
(the mother). Indeed, it is a matter of philosophy to
either treat the pregnant animal as a whole, or as mother
and foetus, i.e. separate entities, one influencing or
dominating the other's metabolism. In any case it would be
erroneous to treat the maternal body as a normal adult one;
its metabolism of nutrients is certainly different from the

latter. For this reason, the response of the animal during



pregnancy to alterations in environmental factors would

be different too. One such factor is dietary protein
deficiency. The present study is concerned with the effect
of this factor on protein metabolism in pregnant rats.

There is no doubt that the response of the female
animal to malnutrition in pregnancy is different from that
in the non-pregnant state. The experience of the human race,
presently, bears witness to this. Malnutrition, according
to recent estimates by the World Health Organization(1980,p.18)
affects at least 450 million people, mostly in those areas
of the world with highest birth rates. How is it, one may
ask, that a protein deficient diet hardly sufficient to
support an adult, can meet the demands of biological
reproduction? The answer, most probably, lies in metabolic
adaptations in the maternal body during pregnancy and
lactation. A successful pregnancy in conditions of food, or more
specifically, protein deprivation, however, does not
guarantee a healthy mother and/or baby.

Many studies reporting human and other mammalian data
show that protein deficiency interferes with the normal
growth of the foetus and its individual tissues {Chow and
Lee 1964; Rosso and Cramoy 1980; Wallingford et al. 1980;
Williams and McAnutly 1976: Winick 1970; Winick et al. 1972;
Wunderlich et al. 1979; Zamenhof and Guthrie 1977...).
However, studies on the short and long term effects of
malnutrition during pregnancy on the mother's tissues have
been neglected for a long time. It is only recently that
attention has been given to the metabolic response of the
mother to malnutrition. It has now been well established
that undernutrition of the mother can impair the growth
and development of the conceptus.

The general approach of many research studies on
pregnancy has always had an air of 'foetal chauvinism’;
scientists justifying their work, conclusions and
recommendations in terms of foetal well-being rather than
the mother's in humans and other animals (De La Higuera 1980;
McCoy 1971; Naismith 1973; Winick, 1970). This has probably
meant the delay in the discovery and investigation of many

changes in maternal metabolism during pregnancy which occur



in response to adverse dietary conditions.

There is evidence to cause concern for the mother's
health both during and after a malnourished pregnancy.
Figure la shows that the life expectancy of women in major
areas of the world is decreased as the ratio of birth
rate (pregnancies) to energy intake increases. It is a well-
known phenomenon that women live longer than men; however,
this is not true on a global scale. Figure 1lb shows that
the life expectancy of women in developed regions of the
world is up to +7.8 years (USA) more than men, whereas in
the poorer regions, the gap is much narrower and can even
be negative (-1.3 years, India). |

Metabolic studies on animals also suggest that protein
undernutrition during pregnancy can impair the well-being
of the mother (Naismith 1969) as well as the growth and
development of the conceptus. However, the extent to which
the mother or the foetus are affected by maternal dietary
protein inadequacy is not clear. In fact, over the last
two decades, both the degrece of protection from the effects
of malnutrition given to the foetus by maternal metabolic
adaptations and the long term effects of early malnutrition
on the young animal have been the subjects of controversy.

Naismith in 1966 first reported a relationship
between the level of protein intake and the weight and
protein content of the foetus and placenta in the rat.
Later on, it was demonstrated that maternal protein
restriction retards cellular development in all foetal
tissues including the brain (Winick 1969; Winick 1970;
Zamenhof et al. 1968; Zeman and Stanbrough 1969). However,
it was clear that for the most part the normal growth of the
foetus was maintained, probably at the expense of mother's
tissues. In 1969, Naismith put forward his theory of
foetal parasitism. He argued that since some studies in
animals and buman subjects show that the birth weight of
the foetus is not substantially influenced by the protein
value of the diet consumed by the mother during pregnancy,
and that only severe and prolonged malnutrition experienced
before conception impairs ‘'obstetrical performance’,

therefore, on 'a low plane of nutrition', the foetus lives
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as a 'parasite' and that the foetal tissues have prior claim
on the nutrients in the maternal blood stream.

Seven years later, Naismith and Morgan (1976) showed
that although varying the protein intake over a ‘'very wide
range', induced comparatively 'small' changes in the birth
weight of the rat pups and a 5% protein diet did not change
the litter size, feeding extra protein in the early
pregnancy 'greatly' improved the birth weight as well as
protein and DNA content of the foetus. They proposed that
the metabolism of protein during pregnancy followed a
biphasic course (Figure 2). They suggested that protein
was stored by the pregnant rat during the first half of
pregnancy, and hypothesized that this was deposited in
muscle tissue to be used later in pregnancy. Lipid
metabolism has indeed been shown to have a biphasic nature
during pregnancy (Knopp et al. 1973). Recently, Rosso (1981)
has suggested a pattern for changes in maternal stores
during pregnancy for humans which supports the biphasic
theory of pregnancy, even though he presumes that the
nutrients involved are mostly fat (Figure 3). Moreover,
Zartarian et al. (1980) have found that the results of
their study on marginal protein deficiency in pregnant rats,
at least in part, support the theory of the biphasic
nature of protein metabolism in pregnancy. In relation to
this theory, Naismith has proposed that the storage of
nutrients in maternal tissues and their subsequent loss
affords a large degree of protection to the foetus from
deficiencies in the maternal diet. This proposal could
in turn explain the reports on humans, monkeys and rats
which suggest that the off-spring are either well-protected
or else do not suffer irreversible consequences as a result
of maternal low protein intake during pregnancy (Riopelle
1975;  Srebnik and Budd 1980; Winick 1970), which give
Support to the foetal parasitism theory.

Rosso, however, has dismissed the idea of foetal
parasitism (Rosso and Cramoy 1980; Rosso and Streeter 1979)
on the basis of data from studies which show that the foetus
is proportionally more adversely affected by maternal

malnutrition than the mother. For example, it has been
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demonstrated that in the rat a 4% casein diet throughout
the entire course of pregnancy causes a 20% loss in initial
body weight of the mother and a 40% loss in the average
birth weight of the foetus (Hastings - Roberts and Zeman
1977). The foetus is, therefore, more severely affected

by maternal malnutrition. In the guinea-pig protein
restriction during the second half of pregnancy has been
shown to produce a significant increase in foetal mortality
and a 25% reduction in birth weight with no significant
changes in maternal body weight (Young and Widdowson

1975). Other studies in a number of species have also
shown that the foetus is proportionally more affected than
the mother (Kohrs et al, 1976; Pond et al. 1969). Rosso
has demonstrated a reduced rate of maternal-foetal transfer
of glucose and o-~amino isobutyric acid (a non-metabolisable
amino acid) in rats fed a protein restricted diet during
pregnancy (Rosso 1977a,b). More recently, Wallingford

et al. (1980) have reported that when a 4% casein diet

was consumed during pregnancy, delayed development of neurons
in the cerebellum had occurred as early as the 13th day

of gestation. Anderson et al. (1980) have presented
results that they claim to indicate that 'the dam is able
to mobilize nutrients stored during the anabolic phase

of pregnauncy ..... supporting the hypothesis that the dam
is able to compartmentalize available nutrients during
malnutrition and prevent serious depletion of these stores
by the foetus'., However, the rats used in their study
were food restricted rather than protein restricted

(50% restriction). The apparent conflict between the
results of experiments which show a degree of foetal
parasitism and those which do not is partly resolved by
Zartarian et al. (1980) who suggest that the concept of
foetal parasitism may be relative to the level of

maternal dietary deficiency.

The evidence presented so far suggest that there are
mechanisms in pregnancy which protect both the foetus and
the mother, to controversial extents, from the adverse
effects of maternal dietary protein deficiency. These

mechanisms could involve: (i) increased efficiency of



amino acid utilization in the amino acid pool of the mother
for protein synthesis; (ii) decreased catabolism of amino
acids; (1ii) alteration in the protein metabolism of
maternal tissues to donate amino acids for foetal use.

The efficiency with which amino acids are incorporated
in tissue proteins depends upon the amount of ribosomal
machinery (ribosomes,m and tRNA's) present in various
tissues of the mother and the foetus, the concentration of
hormones associated with anabolism (insulin, progesterone)
and catabolism (glucocorticoids, oestrogens) (Naismith
1969,1973) and the substrate supply, i.e. the amino acid
pool size.

The amino acid supply for the protein synthesis will
be affected partly by the proportion of the pool undergoing
catabolism; thus a reduction in this process will make
more substrate available for foetal and maternal use. A
large proportion of amino acids entering the amino acid
pools of tissues come from the process of protein turnover
(Waterlow et al. 1978, chapter 19). The ability of tissues
to change the protein content could result in one or the
other acting as a reservoir of amino acids in times of
shortage in the maternal diet. Naismith has already shown
that muscle mass changes during pregnancy. The
possibility also exists that liver and placenta could
become important providers. of amino acids; liver due to
its fast turnover rate and placenta due to its close
association with the foetus. Measurements of protein
synthesis in the foetus can provide an index of whether
the alterations which occur in maternal metabolism are
effective in protecting the foetus from the deficiencies

of maternal diet,

(II) The Present Study

This work is an attempt to examine the effects of a
protein deficient diet on aspects of protein metabolism
during pregnancy in the body of the rat. The pregnant body
i1s viewed as a whole and therefore the foetus is treated
as yet another body organ with its own particular demands

and functions,



Basically, 3 groups of rats have been studied:

(a) Pregnant rats fed a diet containing an adequate protein
content; control pregnant groupswhich in the tables and
graphs are designated as group CP.

(b) Pregnant rats fed a diet containing an inadequate
amount of protein; low protein pregnant groups. These, in
the tables and graphs, are designated as group LPP.

(¢) Non-pregnant rats fed a diet containing an inadequate
amount of protein (same as in b); low protein non-pregnant
group which, in the tables and graphs are designated as LPC.

Tne latter group was included in order to find out the
extent to which pregnancy modifies the effect of protein
deficiency upon protein metabolism in the female rat. 1In
the pregnant groups, two stages in each 'phase' of
pregnancy have been studied as pregnancy is an intensely
dynamic state. Apart from the observations made on whole
body metabolism, four tissues have been studied:

(1) muscle, being the largest protein reservoir of the body;
(2) liver, an organ which is very sensitive to nutritional
and hormonal variations; (3) placenta, being the link between
the maternal body and the foetus; (4) the foetus which is

tne raison d'etre of the metabolic adaptations of

pregnancy.

In the following chapter (Chapter 2), measurements of
the changes in body weight and food intake as well as
amounts of protein, free amino acids, RNA and DNA in the
tissues will be described. The latter components which
comprise the main parts of the machinery of protein
synthesis in the cell, would probably be directly affected
by the changes in the tissue's protein metabolism caused by
environmental factors, such as a protein deficient diet.
The knowledge about the amount of these components partly
form the basis for explaining alterations in more
functional aspects of protein metabelism, discussed in the
subsequent chapters. At this point, it should be noted
that the general interpretation of the results presumes the

sequence of events in the cell outlined in figure 4.
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The next chapter (Chapter 3), discusses the
machinery of protein synthesis in operation. Rates of
protein synthesis in the four tissues, whole body protein
turnover, as well as amino acid oxidation in the liver, are
discussed. In that chapter, part of the introduction is
devoted to the explanation of various methods of
measurement and reasons for choosing the one used; as in
this kind of experiment, the information obtained is only
as good as the methods used.

Whole body protein turnover represents an integration
of all protein metabolism activity in the body, be it
synthesis or degradation, and is the resultant of the
turnover of the individual proteins with their own rates of
turnover. The measurement of this parameter gives an
overall picture which is not necessarily mimicked by all
tissues. For this reason the rate of synthesis in the four
tissues (muscle, liver, placenta and foetus) are
individually investigated. Since the amount of protein would
be known from the results in Chapter 2, it would be possible
to estimate the trend of protein degradation rates. For this
reason the latter has not been directly measured. The
theories about protein metabolism are then examined
regarding rates of synthesis in the tissues. In addition,
the breakdown of an amino acid (tyrosine), assumed to
represent all amino acids, in thé liver is examined. The
objective of this experiment is to see if, in pregnancy
and/or protein deficiency, alterations in amino acid
catabolism contributes towards the economy of the amino acid
pool.

In Chapters 4 and 5 the activity of the proteoclytic
enzymes in the skeletal muscle is studied. This emphasis on
muscle tissue is because muscle comprises the body's
largest protein reservoir and alterations in its metabolism
can be crucial in protein deficient pregnancy. In
Chapter 4 the activity of the enzymes is studied in the
three groups of animals; control pregnant, protein-deficient
pregnant and protein deficient non-pregnant, mentioned
earlier. The purpose of this part of the study is to see
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if alterations in the amount of protein in muscle can be
related to the alterations in ithe activity of these
envymes. In Chapter 5, the muscle of virgin rats which
have been injected with progesterone or an oestrogen
derivative is investigated. The weights and amounts of
protein-related cell constituents (as in Chapter 2) as
well as the activity of the proteolytic enzymes (as in
Chapter 4) in the skeletal muscle of the rats are measured.
The aim is to establish some of the properties of the

two major hormones of pregnancy and also to correlate the
observed effects to those observed in pregnancy itself. The
serum level of 4 hormones in these rats have also been
measured. These hormones are: progesterone and oestrogens,
the two major hormones of pregnancy; insulin, anp important
anabolic hormone for protein metabolism in the body; and
corticosterone which is associated with protein catabolism.

In Chapter 6, serum levels of these hormones in the
3 groups of control pregnant, low protein pregnant and low
protein non-pregnant, have been studied. An attempt has been
made to correlate the serum levels of the hormones to other
parameters studied in earlier chapters.

In all of the chapters mentioned above, first the
subject is introduced in detail along with the review of the
related literature, then the materials and methods used are
described, unless they are the same as in another chapter
where they are mentioned. 1In the next section the results
of the measurements are described and their validity
ascertained in relation to those of other workers. 1In the
last section the contribution of the findings to the
theories related to the specific subject and suggestions
for further experiments are discussed.

In the final Chapter, the conclusions from the results
are brought together and their inter-relationship as well
as their contribution to the general theories about
pregnancy and protein deficiency discussed earlier are
examined.

It is hoped that the present work will be a

contribution towards a better understanding of pregnancy:
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this dynamic phenomenon in the female mammal's life. As

F. Falkner (1981) has stated: '[t is clear that in all
stages of prenatal nutrition from oocyte to delivery,

both experimental and appliced research are urgently
required. Maternal, placental and foetal nutrition must bc
seen, not as individual threads, but as a very complicated

interwoven pattern, !



Chapter 2

Effects of dietary protein deficiency on body weight,
food intake, and composition of protein-related cell
constituents in muscle, liver, placenta and foetus of

pregnant rats
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(I)y Introduction

(1) Bady welght and food intake in pregnancy

Maternal weight gain during pregnancy is not entirely
due to the growth of the products of conception. The
increase in maternal weight is due to fat, protein,
expanded blood volume and hydration (Blaxter 1964; Rosso
and Streeter 1979). 1In the rat, it is certain that an
increase in the deposition of protein and nucleic acids in
extrauterine tissues occurs during pregnancy (Blaxter 1964;
Naismith 1973). Maternal storage of protein in rats is
associated with ap increased food intake. In pregnancy
voluntary food intake of adequate nutritive value exceeds
tne observed levels in controls (Lederman and Rosso 1980).
The increase in food intake has a fairly rapid onset and
has been reported to amount to between 30% (Blaxter 1964)
and 50% (Morgan and Winick 1981). However, food intake has
been shown to decline in the last 7 days of pregnancy in
rats (Morrison 1956). Overall average food intake during
pregnancy has been shown to increase up to 37% above the
control virgin values (Lederman and Rosso 1980). Individual
organs such as liver, mammary glands, uterus and muscle have
been shown to increase in weight and nitrogen content
(Blaxter 1964; Naismith 1969). Food efficiency (i.e.
change in body weight divided by quantity of food consumed)
has been reported to markedly increase in pregnancy
(Rosso 1981).

Voluntary food intake has been reported to decline in
protein deficiency when calorific value of the diet per
gram 1is maintained (Blaxter 1964). However, according to
the data of Naismith (1969), the level of dietary protein
had no effect on food intake in either control or pregnant
rats; the net protein intake increased in both cases with
increasing protein content of food. Moreover, the increase
in food intake during pregnancy was maintained and was
independent of tane protein content of food (Naismith, 1969).

Body weight, foetal and placental birth welghts, and
food intake are the kind of external parameters that can

easily be measured not only in rats but also in humans.
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Possible correlations between these and compositional
variables in the maternal body may be critical in
determining nutritional well being of both the mother and
the foetus.

A wide range of measured values have previcusly been
reported, which may be due to differences in the strains of
rats studied or in the environment. For this reason it is
necessary to measure these parameters for the purpose of this

study to accompany tissue composition measurements.

(i1) Review of the literature on tissue composition in

pregnancy
During pregnancy, tissue components and their
distribution are continuously altered in the maternal body .
The gain in body weight at the beginning of pregnancy is of
a different nature from that in late pregnancy. In the rat,
whose gestational period is 3 weeks, in the first half of
pregnancy body weight may increase up to 50 g (Cripps and
Williams 1975) which is about 20% of normal adult female
body weight. In this period foetal needs are minimal and
therefore only a fraction of initial maternal weight gain is
attributable to the foetus or reproductive organs. During
the first week of pregnancy, both lipid and protein
retention begin and continue until near term when most of the
protein is lost (Beaton et al. 1954), while the excess fat
persists after delivery (Naismith 1966) presumably for use
during lactation. Protein redistribution during pregnancy,
between different organs of the rat, has previously been

demonstrated (Naismith and Morgan 1976).
(a) Muscle

According to a study by Naismith (1969) by day 14 of
pregnancy in the rat, 750 mg of nitrogen was retained in the
body, most of which was found in the muscle tissue,
representing about an 8.5% increase in lean body mass., On
day 21, however, no significant amount of nitrogen remained
in the carcass, 'the greater part of which was found in the
products of conception'. On the other hand, recently, in an
experiment with pregnant rats it was shown that the maternal

lean dry tissue weight was increased by the end of normal
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pregnancy; food restriction alone had no effect but in
combination with pregnancy caused a significant reduction
in lean dry tissue weight compared with both virgin and
control pregnant rats (Lederman and Rosso 1980).

Apart from the above mentioned, most earlier studies
concern carcass nitrogen in general and the results are
conflicting (Blaxter 1964). There seems Lo be little
information about skeletal muscle composition specifically.
This may be partly due to insufficient knowledge about
muscle protein metabolism in normal adult animals. Also,
different muscle types may possess different metabolic
qualities which makes generalization difficult. For example,
while the smooth muscle of uterus is considered a target
organ for the female sex steroids, skeletal muscle is not
(Malkinson 1975). Also, different types of skeletal
muscle show varied response to the same dietary and hormonal
treatments (Santidrian and Young 1980).

In protein deficiency, depletion of protein affects
some organs and tissues more than others. Muscle forms the
largest protein reservoir of the body and its overall loss
is proportionally more than other organs in malnutrition
(Waterlow 1969). Observations in other studies indicate that
the interaction of protein deficiency and pregnancy poses
a4 new metabolic state which probably demands an alteration
in the pattern of protein distribution in the body particular
to itself. For example, a low protein diet has been shown
not to alter the breakdown of muscle protein in late
pregnancy Naismith 1973). Naismith (1969) has found that a
similar diet fed to pregnant rats causes a 6% loss of their
muscle protein by the end of pregnancy. These observations
suggest that the net loss of protein in these animals may
be due to a reduction in rates of protein synthesis rather
than an increase in that of degradation. The maternal
muscle tissue lost during protein deficient pregnancy
were probably used to provide amino acids for the foetal

needs.
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(b) Liver

The protein metabolism of liver is also altered in both
pregnancy and protein deficiency. Pregnancy in rats is
accompanied by a marked enlargement of liver. Naismith
(1969) found that by day 21 of gestation, the weight,
protein and RNA content of liver increased by 77, 55 and
64 per cent respectively, more than half of which had
occurred by day 14. In the last week of gestation, while
protein was being lost from muscle, the amount of protein
in liver continued to increase. In a later study (Naismith
1973) it was found that enzymes which control the rate of
amino acid catabolism in the liver showed markedly reduced
activities compared to early pregnancy. These were alanine
amino transferase involved in amino acids' deamination and
arginino-succinate synthetase which controls the rate of
conversion of amino nitrogen to urea. Furthermore, Naismith
and Fears (1972) showed that progesterone, a major hormone
of pregnancy, could produce similar protein saving effects
in liver of non-pregnant female rats.

Protein, RNA and DNA content of liver are apparently
very sensitive to nutritional and hormonal variations.
Millward et al. (1974) and Waterlow et al. (1978), have shown
variations of up to 25% in the protein content of liver in
the rat within 24 hours. Various nutritional and hormonal
treatments have been shown to cause alteration in liver
free amino acid levels as well (Friedberg and Greenberg
1947). According to more recent reports (Lederman and Rosso
1980) liver weight, fat and protein content increase with
pregnancy. Protein deficiency also causes an increase in
liver weight and protein content (Naismith 1969; Waterlow
and Stephen 1968). Food restricted (50%) pregnancy has been
shown to cause a decrease in welght and protein content of
liver compared with pregnant controls, but not compared to
non-pregnant values (Lederman and Rosso 1980).

RNA content of liver increases dramatically with
pregnancy, apparently under the influence of placental
hormones (Campbell et al. 1953). 1In non-pregnant animals
the RNA content of the liver cell varies directly with the



protein nitrogen but in pregnancy the increase in RNA is
greatly in excess of any increase associated with its
its protein content. As the increase in DNA is far
less than RNA it seems that these and other changes in the
composition of the liver represent a true hypertrophy of the
liver cells and a small increase in their number (Blaxter
1964) .

Compositional studies on the placenta and foetus are
also essential to any metabolic study on pregnancy since,
presumably, they are the beneficiaries of maternal

adaptations.
(¢) Placenta

The placenta is an organ which evolves as part of the
reproductive equipment of mammals. Its functions are to
transmit nutrients to the foetus,; to excrete its waste
products into the maternal blood stream and to modify
maternal metabolism at different stages of pregnancy by
secretion of hormones (Hill and Hollman 1980; Munro 1980).
The growth of weight of placenta occurs rapidly at first and
in many species it does not change in the last trimester of
pregnancy. In rat, it has been reporied, that the placental
growth rate is linear until about day 20 of gestation when
it falls. PFree amino acid nitrogen, protein and RNA content
also continue to increase until term, whereas DNA content
stops increasing by day 17 (Gupta and Agarwal 1980; Winick
et al. 1967) when cell division stops.

The placenta, besides its role in gas exchange, foetal
nutrition and excretion of its waste products, is also a
unique endocrine organ synthesizing steroid and polypeptide
hormones. Experiments in both rat and man show that
placenta may remain attached to the uterus and apparently
maintain an adequate secretion of hormones even after
removal of the foetus (Rosso and Cramoy 1980). BSeveral
studies have shown that in maternal protein deprivation and
undernutrition, placental size, protein and nucleic acid
content, transfer of nutrients as well as some of the enzymes
of protein metabolism are affected (Gupta and Agarwal 1980;
Naismith and Morgan 1976; Rosso and Cramoy 1880; Wunderlich
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et al. 1979). A 5% protein diet has been shown to cause a
significant decrease in the amount of RNA in placenta and
the number of ribosomes (Wunderlich et al. 1979) as well as
placental weight, protein and DNA content (Naismith and
Morgan 1976). A 50% food restriction has also been shown
Lo cause a decrease in placental weight (Anderson et al. 1980).

(d) Foetgg

The growth of the foetus and the deposition of protein
in it largely account for the massive increase in nitrogen
deposition of uterine contents during the later stage of
pregnancy. Apparently the weight of the foetus increases
at a slower rate than does its protein content and as the
foetus grows its concentration of nitrogen increases as well.
The growth of foetus with respect to its different organs
is different but in relation to its mother, in several
mammalian species previously tested, the concentration of
nitrogen in foetal vessels is higher than in maternal blood
(Blaxter 1964; Widdowson 1968) .

According to Widdowson (1950) some species, including
rat, are born with high concentration of protein while the
deposition of other tissue components such as white fat does
not start until after birth. 1In rat, for example, protein
accounts for more than 80% of the dry weight and more than
10% of the wet weight of the newly born which contains
about 86% water (Widdowson 1950).

Many studies have shown the effect of low maternal
protein intake on foetal growth and individual tissues
(Naismith and Morgan 1976; Rosso and Cramoy 1980 Williams
and McAnutly 1976; Winick 1970a; Winick et al. 1972;
Wunderlich et al. 1979; Zamenhof and Guthrie 1977). There
does not seem to be any disagreement that the foetus is
affected by maternal undernutrition. However, the extent
and nature of this effect is in dispute.

It has been suggested that even extreme forms of
prenatal malnutrition have no immediate and serious effects
on the weight of the foetus at birth (Naismith 1969) or its
vody weight gain after birth (up to 100 days old) if raised
with well-nourished foster mother (Srebnik and Budd 1980).
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Within pregnancy itself, there is evidence to suggest that
ample nutrition during the anabolic phase improves foetal
weight. For example, Naismith and Morgan (1976) have

shown that protein supplementation in early pregnancy of
rats fed a low protein diet for the rest of the duration

of gestation improves foetal weight and DNA and protein
concentrations as compared with those fed the low protein
diet throughout gestation. 1In another study with 6% casein
diet it has been shown that the weight of the 'conceptus'
at birth is more than 80% of the controls (Rosso and Streeter
1979). Other studies based on food restriction show that a
50% dietary intake affects the foetal birth weight by
twelve (Anderson et al. 1980) to sixteen per cent (Berg
1965).

It is clear that the extent of the effects of maternal
protein malnutrition on the placenta and foetus asﬂwell as
maternal liver and skeletal muscle are either not studied
or else are not well established. 1In this Chapter effects
of a protein deficient diet on weight, food intake and
protein-related tissue components of the above mentioned
4 organs of the pregnant rat will be discussed. The tissue
components studied are: free amino acids, protein and nucleic
acids. In addition to pregnant rats, measurements were also
made in groups of non-pregnant rats to find out the extent
to which pregnancy modifies the effect of protein

deficiency on the above mentioned parameters.

(II) Material and Methods

(A) Animals and diets

Female wistar rats from the medical school colony
receiving standard laboratory diet (PRD, Christopher Hill
Group, Dorset, U.K.) were assigned to one of three
experimental groups. One group continued to receive the
normal diet ad libitum and two groups received a low protein
diet ad libitum. The composition of the two diets are
shown in Table 1. The low protein diet (50 g protein/kg
aiet) was prepared by adding sucrose, cornstarch, cornoil,
cellulose powder (Solkafloc BW40, J.J.W. Greenock, USA) and
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a vitamin and mineral mixture to milled PRD. Water was
added to the mixture which was pelleted and dried. Stock
PRD diet was used in the low protein diet to help maintain
palatability which is often lost when low protein diets are
prepared from purified ingredients. Animals from both
dietary treatments were mated to produce control pregnant
(CP group) and protein deficient pregnant (LPP group)
animals. In the case of those receiving the low protein
diet, mating was arranged three days following commencement
of the diet to accustom the rat to its new food. Pregnant
animals were subjected to the experimental procedures on the
8th, 12th, 17th and 2lst day of gestation representing two
investigations in both the anabolic and catabolic phases.
Non-pregnant animals consuming the low protein diet (LPC
group) were investigated after 15 and 24 days of the
dietary treatment to provide animals with exposure to the
diet similar to pregnant animals at 12 and 21 days of
gestation. Virgin rats fed the normal diet were used as
starting controls and are represented under 0 day of control
pregnancy (CP group) in tables. Rats were individually
caged and maintained at 30°C in a 12 hours light/dark cycle.

On the appropriate day., rats were killed by cervical
dislocation. Blood, for use in other experiments, was
collected by cardiac puncture. Samples of liver and mixed leg
muscle were taken, Four foetuses and placentas were
removed from pregnant animals. All tissues were blotted,
placed in weighed aluminium foil and frozen in liquid
nitrogen. All sampling procedures were performed rapidly.
The remainder of the liver was weighed and the remaining
number of foetuses and placentas noted. The muscles removed
were: M. (Musculus) Soleus, M. Gastrocnemius, M. Plantaris,
M. Tilialis anterior and M. Vastus lateralis (Greene 1968),
which were weighed individually on a top loading balance
(200C-2000 DI Precisa AG, Zurich, Switzerland). All
subsequent procedures were performed at 4°¢ unless otherwise
stated,

Aqueous homogenates of muscle and 21 d foetus (20%
w/v) were prepared by using the Ultra Turrax homogenizer
(Janke and Kunkel, Kirka-Werk, West Germany) at high speed
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Table 1. Diet Composition (g/kg)

Laboratory rodent diet (PRD) Low protein diet

Ground barley 51.25 PRD 252.50
Ground wheat 200.00 Sucrose 140.00
Ground maize 100.00 Corn starch 490,00
Ground oats 181.25 Cellulose powder 47.50
Wheat feed 200.00 Corn oil 15,00
Soya extracts 100.00 *Vitamin mixture 27.50
Dried skimmed milk 75.00 **Mineral mixture 27.50
Dried yeast 25.00

White fish meal 50.00

Sodium chloride 7.50

Vitamin supplement 5.00

Mineral mixture 5.00

Metabolizable energy 10.79 13.35

(MJ /kg)
Protein (nitrogen x 197.90 50.00

6.25)

* Grimble (1975)

** Jones and Foster (1942)
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with intermittent cooling on ice until homogeneous. Aqueous
homogenates (20% w/v) of liver, placenta as well as

12 and 17 day foetuses were prepared using a Variable Speed
Homogenizer (TRI-R Instruments, Rockville Centre, New York,

USA). The homogenates were then treated as in figure 5 to

separate the tissue components to be measured.

(B) Tissue analysis

All chemicals were obtained from British Drug Houses Co.
Ltd. (BDH) unless otherwise stated.

(1) Protein: was measured according to the method of
Lowry et al. (1951). A solution of bovine serum albumin
(Sigma Chemicals Ltd., UK), 1 mg/ml in 0.1N NaOH, was
prepared. 1 ml aliquots were placed in small vials and
stored at -20°C until needed. The normality of the Folin-
Ciocalteu stock solution was regularly checked (2.3N) and
was adjusted to 1N with addition of distilled water. A 1%
CuSO4.5H20 and a 2% sodium tartrate aqueous solution were
prepared and kept separate at 4°C along with the 2% Na2C03
in 0.1N NaOH solution. Just before use, to 50 ml of the
latter, was added 0.5 ml of copper and tartrate solutions,
each, and mixed. One ml of this solution was added to
0.1 ml of tne unknown solution containing 20-70 ug
equivalents of bovine serum albumin, in a small glass test
tube, stirred and kept for at least 10 minutes at room
temperature. Then 0.1 ml of 1IN Folin reagent was added and
stirred immediately. After at least 30 minutes the blue

colour was read at 750 nm using a Beckman Spectrophotometer
(Model 25, USA). It was repeatedly found that the standard
curve outside 20-70 ug range were not linear and therefore

were not used outside that range.

(ii) Amino acids: were determined using the method of

Yemm and Cocking (1955). L-leucine was used as standard;
a stock solution (2 x 10*3M) in O0.1N HCl was prepared and
aliquots placed in small vials and stored at -20°C until use,
Standard solution (2 x 10*4M) was prepared by diluting the
stock solution with citrate buffer, pH 5.0 (0.2M).
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-~ Reagents were: -

citrate buffer, pH 5.0 (0.2M) using citric acid C6H807‘
H20 and a 1N solution of NaOH, prepared on the day of use;
potassium cyanide, 0.01M in distilled water; 60% ethanol in
water by volume; 5% w/v solution of ninhydrin in methyl
cellosolve., Working ninhydrin reagent was prepared by
mixing 50 ml of methyl cellosolve ninhydrin solution with

5 ml of potassium cyanide solution made up to 300 ml with
methyl cellosolve and prepared just before use. Ninhydrin,
ethanol and methyl cellosolve (ethylene glycol -monomethyl .
ether) were obtained from Koch-Light Laboratories Ltd.,
Berks, England.

- Procedure: ~

All possible precautions were taken in the laboratory to
avoid contamination with ammonia., To 0.5 ml of citrate
buffer, 1 ml of amino acid solution containing 0.05 to

5.6 pg of amino nitrogen (free amino acid TCA extract
diluted 1~5 with distilled water) and 1.2 ml working
ninhydrin solution were added. The well mixed solution was
then heated for 15 min at 100°C by placing tubes in boiling
water and then cooled for 5 minutes in running tap water,
The solution was then made up to a convenient volume
(standard volume, usually 5 ml) with 60% ethanol. After
shaking well the optical density was measured at 570 nm

for all amino acids, using a Beckman spectrophotometer

(see protein assay) against blank containing 1.5 ml of
citrate buffer and 1.2 ml of working ninhydrin solution
subjected to the same procedure as above. Standard curve

was perfectly linear.

(iii) RNA: was estimated according to the method of
Schneider (1957 ). Orcinol reagent was prepared by
dissolving 1 g of pure orcinol in 100 ml of concentrated
HC1l containing 0.5 g of FeClB. Standard solution was
prepared using sodium salt of yeast RNA 500 mg/ml in
distilled water. To estimate RNA, 0.4 ml of RNA extract
(liver, placenta, foetus) diluted to 1.5 ml with water or
1.5 ml of the extract (muscle) was heated with 1.5 ml of

orcinol reagent for 20 minutes in boiling water bath. The
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intensity of green colour was read at 660 nm. Water blank
and tubes containing the standard (up to 100 ug RNA) were

treated as above. The standard curve was a straight line.

(iv) DNA: was measured in two different ways. For
liver, placenta and foetus it was measured essentially
according to the method of Schneider (1957)(Method 1I). For
muscle the method of Laborca and Paigin (1979) (Method II)
was used as the latter method is more sensitive and muscle
concentration of DNA was too low to be measured by the
former method. Both methods are described below:

Method I. - for liver, placenta and foetus homogenates.
Diphenylamine (DPA) reagent was prepared by dissolving one
gram of DPA in 100 ml of glacial acetic acid (Koch-Light
Laboratories Ltd., Berks, England), 2.75 ml of concentrated
sulfuric acid and 0.5 ml of aqueous 0.16% acetaldehyde.
Acetaldehyde was kept at 4°C and the reagent prepared just
before use. Calf thymus DNA, sodium salt, was obtained
through Sigma Chemicals Co., London, U.K. A stock
solution of 500 mg/ml using distilled water was prepared
and aliquotes placed in vials and kept at -20°C until use.
Standards of up to 200 ug DNA were used. Final volume of
standards and blank was 1 ml using 5% TCA.

- Procedure:

To 1 ml of sample, 2 ml of DPA reagent was added, mixed and
left overnight at room temperature. The blue colour was read
at 600 nm using the Beckman Spectrophotometer (see protein
assay). Blank and standards were treated in the same way.

The standard curve was linear within the specified range.

Method II. Aqueous homogenates of muscle 20% were
homogenized further using a 'tight fit' tube and pestle
(Variable Speed Homogenizer TRI-R Instruments, USA), as the
homogenate must be very fine. Homogenization was done with

intermittent cooling on ice,

- Reagents were:

(a) Phosphate saline buffer, 0.1M Napoé, 4.0M NaCl, pH 7.4;
(b) Fluorescent substrate solution, 0.05M NaPO4, 2.0M NaCl,
pH 7.0, containing 2 ug/ml of compound H33258:
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HOECHST DYE 33258, B grade, 2-12~-(4-hydroxyphenyl)-6-
bhenzimidazol]-6-(l-methyl-4 piperazyl)-henzimidazol

3 HC1, obtained from Calbiochem-Behring Corp., Herts,
England; (c¢) DNA standard - sodium salt of calf thymus
DNA, 250 pg/ml in phosphate saline buffer 0.05M NaPO4,
2.0M NaCl, pH 7.4.

- Procedure:

0.5 ml of homogenate and add 0.5 ml of (a) in a 5 ml glass
tube, sonicate for 10 seconds using 'Megason' ultrasonic
cleaner (Madet T-60-80-3, Ultrasonic Instruments
International Inc.) and diluted 1-20 with phosphate saline
buffer 0.05M NaPOy, 2.0M NaCl. For the standard, 10-60 ul
of standard solution were placed in the glass tubes and made
up to 1 ml with the buffer. In preliminary experiments no
change of final reading was noted for sonicated standards.
For this reason the step was eliminated for the standard
tubes.

To 1 ml of diluted sample of standard, 1 ml of (b) was
added, mixed and left for 30 minutes in the dark as a
convenient time lapse before fluorescence reading. Blank
contained 1 ml of buffer and was treated as above.
Fluorescence was measured using a Model 3000 Perkin-Elmer
Fluorescence Spectrometer (excitation wavelength 350 nm,
extinction wavelength 460 nm, slit width 5). 1Initial 0
reading was adjusted by placing methanol in the silica cell.
Methanol was also used to wash the cell in between readings.

(C) Statistical analysis (Steel and Torrie 1960)

The data in the tables are analysed using 3 statistical
tests: (all probability -p- values above 0.05 were
considered non-significant and designated NS).

(i) Student's 't' test: All control pregnant (CP) and
low-protein non-pregnant (LPC) values have been compared

with the virgin control value using student's 't' test.
Low protein pregnant (LPP) values were not compared to
control virgins using this test as they incorporated two
treatments. Instead two way analysis of variance was
employed for testing them for both treatments on days 12



and 21. However, for days 8 and 17, low protein pregnants

were compared with control pregnants using student's 't

test, as low protein non-pregnants were not measured for
corresponding days. Also, placenta and foetus results were
compared using t-test. ‘

(ii) ANOVA: Two way analysis of variance was used
testing the significant differences caused by pregnancy,
the diet, or both for days 12 and 21.

(iii) Duncan's test: Duncan's new multiple range test

was used to compare variations within each group for various
days of pregnancy or equivalent dietary treatment. For
example 12 d > 21 d means value for day 12 is significantly
higher than that for day 21. The values for virgin controls
(0 day) were not included in this test.

(I1I) Results

(A) Weight gain and food intake

Table 2 shows the changes in body weight in pregnancy
and protein deficiéncy. As was expected, pregnancy
caused a substantial weight gain in both pregnant groups,
the bulk of which was in the catabolic phase, (Duncan's
test). The weight change in the low protein non-pregnant
group was not significant. However, in low protein
pregnancy the diet as well as pregnancy and their interaction
were all effective (ANOVA test) for both 12 day and 21 day
results. The weight gain in the protein deficient pregnants
was much lower than the controls. Pregnancy weight gain
is comparable to previous reports for controls (Lederman
and Rosso 1980; Morgan and Winick 1981) and low protein
(Rosso and Stréeter 1979) groups. Figure 6 shows that the
weight gain in the protein deficient pregnant group is
entirely due to the weight of the products of conception and
the maternal body appears to have had a loss in weight by
day 21. 1In normal pregnancy, however, the weight gain is
only partially due to the products of conception and the
maternal body has achieved a net weight gain at day 21.

These results agree with those of at least one previous



'$31S893 TBOT3ST}BIS Jo Suorjeue(dxs 8yl JoJ LZ o3ed osg (®)

L4 ok + enTea Tox3uoo jueulsad woayg iusxezyTPp ATjuUeOTITUSTS senyep
o * % * SNTBA TOJXIUOD UTZITA WOIF JUSISITITP AT3ueo1yTUus TS sanTeA
100" 0> 10°0> g0° 0> d 1881 ,3, s,7us5pnig

‘jueu8sad-uou urejoad mor - D7 ‘ueulexd ursjoad smo1 - g4 f{3ueudead Toxjuoo - dD

10°0> 10°0> 191p X Aduru8sag
SN G0 0> 19T
G0 0> G0 0> Aouruleag
(d) ~vAONY
(e)
SN . 6°0F 681 - P'T1 %2881 - - od1
SN IT°"T+%°8T 8'I+FVv°61 0'TF8 L1 8°'TF¥£°0¢ - ddTl (3) e¥qeiur poog
SN 1'T¥8°2% (7O T R 5 A L0F L gg 0T %612 9'0F 841 do
% %k * % * ok % *
10°0> 10°0> 191p X Aourulsag
10°G> 10°0> 191
10°0> 100> Aoueuldaag
T
N (d) -vaony
(e)
SN 9 ¥ §G¢ - ¥+ 1G2 - - odTl
P8 PZI<PLT ‘PIZ 9 7062 118 7088 € ¥ 662 .S F¥Se - dd1 (3) 1uBtem Lpog
P8 ‘PZI<PLI<PIZ 6 ¥ 0G¢g 8+ 63¢ £ + 882 L FGLE £ ¥ 62 do
* ¥ % * % %k * Kk %k * % %k
12 L1 Z1 8 0
G000 > d
(®)1se1 s, ueoun( juswiesaxy Axeiorp justeaInbse 10 Aourussad Io sArg dnoan

(sjusweansesuw g-¢ O ‘d°S ¥ UBBW) S3BI SIBWSI JO
SO¥YelUT pooy ATTBP pu®e jystom Apoq uo Aous1oTrJep ursjoxd AxelaIp pur Aouruload JO 109II% 'z 8Tq®]




Low
Control Protein
whole
body R e

products

()f censeobanan Py mp—

conception

5 100 b
«©
0}
$y
)
o
i
+ /}.
ﬁ; 50 {".
o w"'?;'
o) '/‘r" £
= L 4
/ ~"
'M""““w/ . ,o.. .':/
A £ "’”’”’: L
5 10 15 20

Days of pregnancy

Figure 6.

Effect of dietary protein deficiency on body weight gain

of dams and weight ot products of conception



report (Rosso and Streeter 1979). The weight gains in
normal pregnancy at least, is partly due to increased food
intake.

The increase in food intake (Table 2) by day 8 of normal
pregnancy 1s significant and remains so throughout (Duncan's
test). At its maximum (day 12), food intake is about
33% above non-pregnant virgin controls, which is close to
the values reported by some workers (Blaxter 1964 ;

Lederman and Rosso 1980) but not others (Morgan and Winick
1981). According to the present results, peak of food
intake is in the anabolic phase (d 12) but Knopp et al.
(1973) found the peak in the catabolic phase (d4 19). This
may be due to difference in strain and initial weight of the
rats. The sharp fall in food intake by the end of

pregnancy as reported by Blaxter (1964), is not observed.
There may have been a sharp fall in the last day of
pregnancy (day 22) which was not tested in the present
study. Voluntary food intake by the low protein non-pregnant
group was slightly, but not significantly raised. This is
in agreement with the results of Naismith (1969), but not
Blaxter (1964). Compared with controls, the low protein
pregnant animals' food intake is lower but not significantly
SO, on days 12 and 17. The ANOVA test, however, shows

that for day 12 both treatments and their interactions
influence daily food intake of the low protein pregnant
group,; while on day 21 diet per se has no effect. The

peak of food consumption in this group is earlier than the
controls (day 8 and 12 respectively) and its magnitude
lower. Unlike a previous report (Naismith 1969), the
results show that the level of dietary protein does
influence food intake of pregnant rats.

(B) Placenta and foetus

(1) Weights and total protein

The number of foetuses and placentas are not affected
by the diet as shown in Table 3. This is in agreement with
previous findings (Naismith 1969: Rosso and Streeter 1979;
Wunderlich et al. 1979). Table 3 further shows that the
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weight of the foetus is affected by the diet on day 21.

Although total protein content of the foetus is lower than

the control, the difference is not significant and its

average value is therefore within normal pregnancy range. Weight
results are in agreement with those of Naismith (1969) and
Srebnik and Budd (1980), and with findings of

Wunderlich et al. (1979) and Rosso and Streeter (1979) who

found that 5% and 6% casein diets significantly lower foetal

weight. The weights of foetus and placenta in both groups
are higher in this study than that found by Wunderlich
et al. (1979) and Zartarian et al. (1980).

Table 3 shows that the weight of the placenta is
significantly lowered by the diet (p < 0.001) on both 17
and 21 days. Total placental protein content is also
significantly reduced by the diet. The protein contents of
both placenta and foetus in the control and low protein
groups are higher than previously reported (Naismith and
Morgan 1976; Wunderlich et al. 1979). The ratio of foetus/
placenta weight in the control and low protein groups
(7.4 and 8.4 respectively) are also higher than these
studies as calculated from their data. Also, ratio of
foetus/placenta protein content in the low protein group is
higher than previously reported (Naismith and Morgan 1976).
The discrepancy between the results of Lhis study and that
of others mentioned above, may be due to the difference
in strain and/or initial body weights of the rats at the

time of wating.

(ii) Tissue compositions

(a) Foetus. The tissue composition of foetus is
presented in Table 4. The protein concentration increases
progressively in both control and low protein groups, during
gestation. The protein concentration in normal foetus
increases continuously such that each day tested
progressively 1is significantly higher than the previous
ones (Duncan's test). In the low protein groups the
concentration values are more spread out between days 12 and
21 such that only day 21 is significantly higher than day 12
(compare Duncan's test for both groups). Values for day 12
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Table 4. Effect of maternal dietary protein deficiency

on the concentration of protein, amino acid

nitrogen and nucleic acidsof the foetus

(mean + S.E. for 4-6 measurements)

(a)
Duncan's test
Component Group Days of pregnancy T
12 17 21 p < 0.05
protein

g/100 g cp 2.3+0.6 4.6+0.1 6.0+0.2 21d>17d>12d
wet weight LPP 3.0+£0.8 4.5+0.2 5.8+ 0.2 21d>12d

Amino acid CP 31.0+3.1 43.1+£3.6 52.3+4.7 21d,17d>12d
N

mg/l00 g LPP 36.1+3.1 46.9+3.3 56.8+1.4 21d>17d>12d
wet weight

RNA Cp 603 + 63 816 + 73 663 + 48 17d>21d,124d
mg/100 g

wet weight LPP 670 + 146 840 + 77 630 + 46 17d>12d,21d
DNA Cp 466 *+ 30 632 = 10 462 + 14 17d>12d,21d
mg/100 g Lpp 370 = 71 623 + 30 427 + 57 17d>12d,21d

wet weight

CP - control pregnant; LPP - low protein pregnant
Student's 't' test: no significance

(a) See page 27 for explanation of statistical tests.
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are higher than control, for day 17 nearly the same, and
for day 21, lower than control. However, none of these
values are significantly different from control values.

Free amino nitrogeh values also progressively increase
with days of gestation in both groups. The low protein
group shows higher values than control in all 3 stages of
gestation studied. Again, none of these values show any
significant differencesbetween the two groups.

RNA concentration in both groups shows a significant
peak on day 17 and once again maternal low protein intake
does not produce any significant difference with the control
for each day tested. The same is true of the DNA
concentrations and day 17 is the peak. The value for low
protein group on day 21 is higher than that reported by
Naismith and Morgan (1976).

Figure 7 shows the relative percentage of nitrogenous
compounds in the foetus in the low protein group compared
with the controls. The percentages are lower than those
(protein and nucleic acids) reported by Brasel (1974);
however, considering the standard error, they are within the
same range. Also, the protein/DNA ratio is unaffected as
reported by the latter. In fact, as seen in figure 8, RNA,
free amino nitrogen and protein cellular concentrations
(per unit DNA) are somewhat higher in the low protein group,
although not significantly, at all 3 stages tested.

(b) Placenta: Table 5 shows the effects of dietary
protein deficiency on the concentrations of nitrogenous
compounds in the placenta. The protein concentration in
normal pregnancy progressively increases and by day 21 its
value 1is significantly higher than day 12 value. In the
low protein group this trend is suppressed (compare Duncan's
test) and on day 21 the protein concentration is
significantly lower than the control value. Protein
concentrations for contrcl group are in agreement with that
found by Wunderlich et al. (1979); however, the low protein
values are much higher than found by the latter workers.

The free amino nitrogen concentrations do not change
on any of the days tested for either group. In the low
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protein group, the value for day 17 is significantly higher
than for controls.

RNA concentration of placenta seems to progressively
decrease with the advance of gestation, regardless of the
protein content of the diet. 1In the low protein group,
unlike the control, the concentration of RNA shows a
significant reduction by day 21. The value for day 21 is
lower in low protein groups than the controls, but not
significantly, as shown by the results of Wunderlich et al.
(1979). Also, the range of RNA values reported by the latter
group for the placenta is far lower than that reported here.
The discrepancy may be due to different methods employed
for the estimation of RNA. They used UV absorption, whereas
the method used in the present study relies on phosphorus
measurements (Munro and Fleck, 1969). The range of values
for placental RNA concentration derived from the data of
Gupta and Agarwal (1980), who used the same method as this
study, are in agreement with those found here.

It has been suggested previously (Gupta and Agarwal 1980;
Winick et al. 1967) that cell division stops by day 17 in
the placenta and thus the concentration of DNA in the tissue
is decreased as individual cells continue to grow. The
results of the present study support this suggestion in
both control and low protein groups (see Duncan's test).
Also, there is no significant difference between the two
groups.

Figure 9 shows the percentage of nitrogenous components
of the placenta in the low protein group compared to the
control. Total content of protein, free amino nitrogen,
and nucleic acids are all decreased to around 70% of the
control values in the low protein group on day 21. Only
DNA values agree with that reported by Brasel (1974) who
found RNA content of placenta increase with a protein
deficient diet. The diet-induced reduction in total
placental RNA content agrees with findings of others
(Wunderlich et al. 1979). Brasel (1974) observed only less
than 10% reduction in placental protein content with the
diet.
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The cellular concentrations of the nitrogenous
components of the placenta are presented in figure 10. The
significant elevation in RNA/DNA ratio observed by Winick
(1970b) on day 12 are not observed here. However, the lack
of any significant change in the protein/DNA ratio observed by
him are in agreement with the present results. According
to figure 10, cellular concentrations of protein, free amino
nitrogen and RNA are not influenced by maternal dietary

protein deficiency.
(C) Liver

(i) Weights and total protein

As seen in Table 6, the weight of liver and its total
protein content are increased in normal pregnancy which
confirm previous reports (Blaxter 1964; Lederman and Rosso
1980; Naismith 1969). Protein deficiency alone does not
alter liver weight but total protein content of liver is
reduced after 24 (day 21, pregnancy equivalent) days.
Liver protein loss has also been reported in rats fed a
protein free diet (Fauconneau and Michel 1970) and a 7.5%
casein diet (Zartarian et al. 1980). In protein deficient
pregnancy, the loss in liver weight, compared to virgin
controls, is not apparent until the catabolic phase, but
protein content of the liver has already begun to reduce on
day 8 of pregnancy. This is in agreement with findings of
Zartarian et al. (1980) for day 12 and 21. Clearly,
pregnancy and diet which by themselves have opposite effects,
seem to have only catabolic effects on liver protein when
they are combined. These results do not agree with those
found by Naismith (1969). Duncan's test shows that whereas
in normal pregnancy and protein deficiency alone (group LpPC),
no variation in weight or protein content is observed, in
protein deficient pregnancy on day 21, both parameters
show severe (significant) reductions. This could implicate
some action by the foeto - placental unit, as the foetus 1is
growing very fast at this stage of gestation. The ANOVA
comparison suggests that in protein deficient pregnancy,
liver weight is regulated more by the protein availability
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in the diet than by the pregnant state, whereas the total

protein content of the liver is influenced by both.

(ii) Protein and free amino N concentrations

Protein concentration of liver (Table 7) does not change
significantly in normal pregnancy, although a slight
increase is observed. The data of Lederman and Rosso (1980)
also indicate the same. In protein deficient non-pregnant
rats protein concentration is reduced by day 24 (day 21
pregnancy equivalent) and the reduction in total protein
content of liver observed in these animals is clearly a
result of the latter and not any change in liver weight.

In the low protein pregnant group, the protein concentration
seems to be regulated by the diet in the anabolic phase.
However, in the catabolic phase, pregnancy asserts its
effect (see ANOVA tests). In any case, these effects seem
to be independent, as the ANOVA comparison does not show any
significant effect due to the combination of pregnancy and
protein deficiency.

It has been suggested that the amount of protein in the
liver is sensitive to amino acid concentration (Waterlow
et al. 1978, Chapter 4). The results in Table 7 indicate
an immediate increase in the free amino acid pool of the
liver which is not necessarily related to protein content
and if so, the relation is an inverse one. These results
seem to agree with those found by Friedberg and Greenberg
(1947) who found an increase in the level of free amino acids
of the liver when male rats were fed a protein free diet.

In normal pregnancy when the liver weight and protein
content increase, no increase in the free amino acid
concentration is indicated. In fact, free amino acid
concentration shows a tendency to decrease at some stages
(day 12) compared to others (day 21) as indicated by the
Duncan's test. In the protein deficient pregnant rats, the
level of free amino nitrogen, as in protein concentration,
seems to be more influenced by the diet than pregnancy.
Again, these factors seem to function independently as the
ANOVA test does not show any significance for the interaction
of the two. 1In protein deficient groups the effects of the
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diet seems to be fairly immediate (day 8) and permanent,

for the period studied.

(iii) Nucleic acid concentrations

The range of liver concentrations of RNA and DNA agree
with previous reports (Waterlow et al. 1978, ch.4).
Complications in RNA measurement and interpretations of the
results in liver have been previously described (Waterlow
et al. 1978, ch.19).

RNA concentrations in liver (Table 8) do not show any
significant differences. This is not in agreement with
findings of Zartarian et al. (1980). Figure lla shows the
changes in the total RNA content of the liver. Clearly,
in normal pregnancy the increase in total RNA content
is accompanied by an increase in liver protein and weight
(Table 6), and would be expected. Total liver RNA in the
protein deficient non-pregnant group is similar to virgin
control rats in the two stages examined in concert with no
change in the liver weight. The low protein pregnant group
however does not show a similar correlation between RNA and
weight of the liver. Total RNA is either elevated or
remains at virgin control value despite the significant
reduction in weight. According to Waterlow et al. (1978,
ch.19), in malnutrition RNA/protein ratio increases in
the liver. Figure 11lb shows that this is true in protein
deficiency whether the rat is pregnant or not.

The increase in weight of the liver in normal
pregnancy seems to be a result of hyperplasia (and not
hypertrophy of the liver cells as suggested by Blaxter 1964)
as the concentration of DNA (as well as RNA and protein)
does not significantly alter throughout normal pregnancy
(Table 8). 1In the protein deficient groups, DNA
concentration is increased, particularly in the pregnant
group as the size of liver cells shrinks. This agrees with
previous findings that as the total amount of DNA does not
change in the liver in malnutrition, its concentration is
increased (Waterlow et al. 1978, ch.19). On day 21 when the
liver's loss of weight and protein are greatest (Table 6)

in protein deficient pregnancy, the DNA concentration is
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increased. This effect is exerted primarily by the diet as
Judged by the ANOVA test in Table 8. Zartarian et al.

(1980), who studied the effect of 7.5% casein diet on liver
of pregnant rats among other things, found greater liver

DNA concentration in terms of body weight in the control
group. However, their values in terms of liver welght

shows that the low protein group has higher DNA concentration.

(D) Muscle

(1) Weights and total protein

Table 9 shows how the weight and total protein content
of selected leg muscles (see materials and methods) are
altered in pregnancy and protein deficiency. The initial
increase in weight and total protein content of these muscles
during the anabolic phase of normal pregnancy is in accordance
with the findings of Naismith (1969). However, the increase
is maintained in the catabolic phase according to Table 9
which is in disagreement with findings of the latter report.
Duncan's test (Table 9) shows that the increase in both
parameters during normal pregnancy is not altered in the
catabolic phase. The net gain in carcass weight and protein
at the end of pregnancy has previously been reported
(Lederman and Rosso 1980).

The weight of the muscles is not altered with the diet
alone but total protein is in fact increased at the earlier
stages (day 15 equivalent to day 12 of pregnancy)‘of the
treatment. This is in agreement with earlier findings of
Heard et al. (1977) and others (see Waterlow et al. 1978,
ch.18). This effect may be due to a reduction in the rate
of protein breakdown in muscle as judged by urinary
excretion of 3-methyl histidine (Ward and Buttery 1980).

In the protein deficient pregnant rats both the weight
and protein content of the muscles are initially increased
and subsequently decreased in the catabolic phase (Table 9).
The initial increase in weight is entirely due to
pregnancy (ANOVA test). The decrease in the catabolic phase
below virgin control values is due to diet and the

interaction of protein deficiency and pregnancy which claim
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the muscle protein reservoir to support the foetus and other
products of conception. This is in agreement with previous
reports (Naismith 1969). Figure 12 and 13 show how total
and individual weights of the selected leg muscles are
affected by the two treatments: proteiln deficiency has no
effect on all or individual muscles; pregnancy causes a
weight increase in all, and combined treatments cause an
initial increase followed by a fall to lower than control
virgin value. Clearly, larger white muscles such as
gastrocnemius are more affected and this agrees with
previdus reports in non-pregnant rats (Santidrian and Young
1980).

The weight changes observed in the muscle are not in
agreement with those found by Zartarian et al. (1980) who

included extensor digitorum longus in their muscle sample.

(ii) Protein and free amino N concentrations

Table 10 shows that in pregnancy (protein deficient or
not) protein concentration is not altered after an initial
slight increase at day 8. In protein deficient non-pregnant
rats, muscle protein concentration is increased. This is
in agreement with the findings of Santidrian and Young
(1980). Also, Waterlow and Stephen (1966) have shown that
a low-protein diet, even though it eventually causes a
‘large percentage of muscle protein to be lost (58% after
6 weeks), initially causes no loss of protein from muscle.
The comparison of the data in Table 9 and 10 indicates that
the increase in total protein of muscle in pregnancy and
protein deficiency (Table 9) are each of a different
nature. In pregnancy the increase in total protein is
caused by an increase in weight of the muscle; whereas in
protein deficient rats the increase is due to elevated
protein concentration.

Effect of protein deficiency on muscle free amino acid
concentration has been studied before, but the reports are
conflicting (Waterlow et al. 1978, ch.18; Young 1970).
According to the present results, protein deficiency does
not cause any change in free amino nitrogen concentration.

This is in agreement with Friedberg and Greenberg (1947)
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Figure 12,

Effect of 5% protein diet on leg muscle weight of

pregnant and non-pregnant rats

CP - control pregnant;
LPP - low protein pregnant;
LPC - low protein non-pregnant
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Effect of 5%‘protein diet on the weight of individual
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who examined effects of a protein free diet and Waterlow and
Stephen (1966,1968) who examined both protein free and low
protein diets.

It has been suggested (Jefferson et al. 1974) that in
muscle a decrease in the amino acid pool is associated
with an increase in protein synthesis. Considering that
in normal pregnancy there is a significant fall in free
amino nitrogen on day 12 (Table 10), one may expect a high
rate of protein synthesis at this time. Apart from day 12,
in normal pregnancy, the concentration of amino nitrogen in
muscle is not significantly different from the virgin control
value.

In protein deficient pregnancy, there is an increase in
free amino nitrogen concentration on day 8 which is
significantly higher than at any other stage of pregnancy
examined (Duncan's test). On day 12, it seems that the
effects of pregnancy and the diet which seem to be in
opposite directions, equally (ANOVA test) contribute to the
value for the protein deficient pregnant animal. By day 21,
however, no significant difference is detected.

(1ii) Nucleic acid concentrations

The range of RNA concentration values agree with
previous reports (Waterlow et al. 1978, ch.18). The
increase in muscle RNA concentration (Table 11) observed
in pregnancy when compared with total protein content in
muscle (Table 9), confirms previous reports that changes in
RNA concentration are accompanied by changes in muscle
protein in the same direction (Young 1970). The fall on
day 21 of normal pregnancy, however, is accompanied with
only a slight drop in protein content from day 17 to 21,
which is not significant. The same is true of the protein
deficient pregnant rats on day 17. It may be that the fall
in protein content is preceded by a drop in RNA concentration
which in low protein pregnant group is manifest by day 21.
This may be so since the drop in protein content and
RNA occur earlier in protein deficient pregnant rats than
in the control group. That this is an effect due to
pregnancy is shown by the ANOVA test. The diet per se
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does not cause any change in the RNA concentration. It is
possible that longer periods of dietary treatment causes a
reduction in RNA concentration observed by others (Waterlow
et al. 1978, ch.18).
Most of the studies on DNA concentration have been
carried out in the muscle of young growing rats which
makes comparison difficult. The range of values for DNA
concentration in muscle (Table 11) is greater than those
reported previously for rats of the same weight (Waterlow
et al. 1978, ch. 18). However, sex difference as well as
different methods of measurement may be responsible for the
discrepancy. Young (1970) whose reported values are lower
than those in Table 11, does not mention the sex of the
rats or the method of measurement. It is quite possible
that this method involves hot acid extraction which
inevitably causes some loss of DNA as compared to the newer
method employed here for muscle (Labarca and Paigen 1980).
Pregnancy or the diet alone (Table 11) do not produce
any significant changes from virgin control values on day 21.
The concentration of DNA in the protein deficient non-
pregnant rats is significantly reduced compared to the
earlier stage of protein deficiency examined. The fall
in the muscle DNA concentration of protein deficient
pregnant rats on day 12 indicates that the increase in
muscle weight and total protein (Table 9) at this stage are
not due to hyperplasia, unlike the normal pregnant rats.
In the catabolic phase, when the muscle protein content
is depleted, the DNA concentration is restored. This
suggests that whatever mechanism responsible for hyperplasia
of skeletal muscle in pregnancy, it is partly influenced
by the level of protein in the diet.

(IV) Discussion

It is clear that although pregnancy is an extra stress
on the female body, it is accompanied with certain
metabolic adaptations that allow the rat to gain
considerable weight when the protein concentration of its
diet is a quarter of normal. This is particularly
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interesting since the food intake is lower than normal
pregnancy and that the foetus accumulates more protein than
any other cell constituent in terms of dry weight (Widdowson
1950). The net maternal weight increase at the end of
normal pregnancy is perhaps an overall reflection of the
metabolic adaptation of pregnancy in prediction of possible
environmental inadequacies which may occur such as a protein
deficient diet. An interesting feature of the pattern of
weight gain in pregnancy is that on day 17 the weight of the
conceptus represents about 30% of the weight gain, while

on day 21 it accounts for 60% of the weight gain (Fig 6).
Furthermore, by day 17 the rat has achieved more than 77%

of the total weight gain achieved by day 21. This strongly
suggests that most of the nutrients are first retained in
the maternal body before they are mobilized for the
intensive growth of the foetus (and other products of
conception). This is true regardless of maternal protein
intake, at least to the 5% dietary protein limit. The fact
that the total weight of products of conception are greater
in the low protein group than in the control, while the weight
of foetus and placenta are lower (Table 3), suggests that
the weight of other support products such as the amniotic
fluid are greater in the protein deficient group than in the
control. By the end of protein deficient pregnancy, the
maternal body has lost weight. 1In this sense, the foetus
can be called a parasite (Naismith 1969). So far as the
mother is concerned the foetus and other products of
conception grow despite the maternal weight loss. However,
this is not to say that the foetus is not affected by the
diet. Although the number of foetuses are not affected, the
weights of both placenta and the foetus are less than the
controls by day 21; placenta affected (40% less) more than the
foetus (20% less), as can be calculated from the 21 day

data in Table 3. 1In fact the composition as well as the
total protein content of the foetus are not significantly
affected (Tables 3 and 4) by the diet. This means that
apart from the 20% lower weight, the 21 day foetus is a

normal one, so far as its nitrogenous compounds are

concerned. This is not true of the placenta, since its
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total protein and protein concentration are affected
particularly by day 21 (see Tables 3 and 5). The change in
total content of other nitrogenous compounds are generally
due to the lower placental weight rather than subnormal
concentrations (Fig. 9).

By the end of protein deficient pregnancy, the maternal
body has lost more than 8% of its original weight, which is
about 42% of the weights of foetuses and placentas on day 21.
The remaining 58% weight of the foetuses and placentas must have
been provided from maternal carcass weight gain in the
anabolic phase which seems to have been extended in the
protein deficient group (see Figure 6).

The net weight loss from the maternal body is not
proportional. The liver has lost 26% and muscle only 5% of
their original weight. However, as skeletal muscle is 40%
and liver 4% of total body weight, the absolute contribution
of muscle to maternal weight loss is 3 times more than that
of the liver (Table 12).

Table 12 shows that 77% of the protein in the 21 day
old foetus and placenta is probably provided for by the
decrease in muscle protein content at this time. The
increase in the weight and total protein content of muscle
in the anabolic phase is regardless of the protein content
of the diet. This shows that the process is an intrinsic
part of the mechanism responsible for the metabolic
adaptations during pregnancy. These adaptations seem to have
speeded up with protein deficiency; since the maximum
protein content of the muscle occurs earlier in the protein
deficient rats than the controls. The fact that in normal
pregnancy muscle protein content does not significantly
alter, whereas in the protein deficient pregnancy muscle
loses protein in the catabolic phase, suggests a possible
mechanism for the regulation of muscle protein metabolism
in the catabolic phase. This would be that in the
catabolic phase the protein supply for the growth of the
foetus comes from amino acids released by increased
degradation of muscle portein, regardless of the protein
content of the diet. If the protein content of the diet
is sufficient, then the loss is replenished, otherwise
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Table 12. Share of the muscle and liver in maternal weight

loss and protein gain of foetus and placenta in

protein deficient pregnant rats

- Net maternal weight loss (g) 20 g
Share of liver weight loss 12.5%
Share of muscle*weight loss 40%

- Protein from muscle* 1.98 ¢

- Protein from liver 0.26 g

- Foetus and placenta protein 2.56 g

*
Contribution of muscle’ 77%
Contribution of liver' 18%

* assuming skeletal muscle constitutes 40% of body weight
and that the ratio is not affected by the diet.

Calculated from the difference between maximal protein
content (day 0 for liver, day 12 for muscle) and the
day 21 values. See Tables 6,9,10.
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muscle loses not only the protein accumulated earlier but
also additional muscle mass. Results in Table 11 suggest
that the process is regulated by the RNA concentration
which would in turn suggest that changes in protein
synthesis may be involved. The decline in the protein
content of the muscle corresponds to the reductions in RNA
concentration in both pregnant groups.

Unlike muscle, the normal weight and protein gains in
liver during pregnancy are not unconditional. They depend
on the protein content of the diet. Weight and protein are
lost more intensely in the catabolic phase. It therefore
seems that the liver structure is responding to the protein
demands made by the foetus in the catabolic phase and (on a
smaller scale) to muscle in the anabolic phase. Hence it is
probable that the liver structure is not involved in the
anabolic and catabolic phases of pregnancy. This of course
does not exclude liver's involvement in pregnancy in terms
of its normal functions (Naismith 1973). The fact that
total RNA of the liver remains unaltered in protein
deficient pregnancy suggests that the synthesis of export
proteins may very well be maintained if not increased (since
the structural protein content is reduced while RNA content
is not).

From the above it can be concluded that:

(1) The anabolic-catabolic phases of pregnancy operate to a
great extent regardless of environmental factors such as
protein content of the diet, so long as the state of
pregnancy is preserved. Other processes involving protein
metabolism in the body would then respond to what is
available. The only adjustment in the anabolic-catabolic
phases appear to be their timing. The occurrence of these
phases therefore seem to be intrinsic to pregnancy. They
appear to be as indispensable or adaptive to environmental
factors such as maternal protein deficiency as the foetus
itself would be.

(2) Both the foetus and the mother are affected by the
protein content of the maternal diet., From the mother's
point of view, at the end of pregnancy, comparing the
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maternal weight, organ weights and compositions with the

low protein non-pregnant rats, she would have been better
off had she not been pregnant. In this sense the foetus

is acting as a parasite. It is probable that this condition
of foetal parasitism is peculiar to a certain range of
dietary protein adequacy. Outside this range either the
foetus is aborted or pregnancy is normal and the foetus is

no longer a parasite.

(3) The total weight of conceptus on day 21 and total tissue
increase between day 12 and 21 fit in well with the formula
suggested by Frazer and Huggett (1970):

vy =% x + 4.5 n; yv = weight of conceptus (CP 55 g; LPP 65 g)

x = total tissue increase over the last 11 days of pregnancy
(CP 62 g; LPP 31 g)

n = number of foetuses (CP 10; LPP 11)

According to their theory, a certain basic amount of
nutrients is supplied to the conceptus within a wide range
of food intakes. Above this basic level any extra intake

is partitioned out so that 4 goes to the conceptus and

i to the mother. Their experiments showed that whether food
intake was above or below normal, the increase in the
conceptus weight could be related to the forementioned
formula. The results of the present study further prove

the validity of this theory and support the idea of a basic

level of parasitism.

(4) Protein metabolism in skeletal musﬁﬁe is greatly
influenced by the anabolic-catabolic process and is
undoubtedly well integrated in the system which accounts for
metabolic adaptations of pregnancy. The liver on the other
hand probably responds to these in a secondary way. That is
to say, within its normal functions it increases in weight
and protein content in response to a bigger body, increased
food intake and most probably to alterations in adipose
tissue metabolism (Knopp et al. 1873).

(5) Considering the protein metabolism of the products of
conception in the placenta, its response Lo the diet is more
dramatic than in the foetus. It seems to parallel the liver

in this effect. The foetus, however, is more firmly
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consistent in its demands.

(6) It is possible that most of the substrate for foetal
protein, accumulated in the catabolic phase, originates from
maternal tissues. The maternal tissue proteins are
mobilized in response to the active transport of the amino
acids across the placenta. 1In order to explain this point
some background information is necessary.

Munro et al. (1959) have previously shown that a high
carbohydrate diet, but not a high fat diet, has a protein
sparing effect and that muscle tissue is the primary
benefactor of this action. They have suggested that in
response to carbohydrate administration, insulin is secreted
which leads to the deposition of amino acids in some form in
the muscle. Consequently the amino acid level of the blood
is reduced. As a result, tissues other than muscle have a
diminished supply of amino acids for protein synthesis. In
the pregnant rat, 'other tissues' would include placenta and
foetus.

Munro et al. (1959) have also shown that after glucose
administration to fasting male rats, the rate of protein
synthesis in muscle is above fasting levels for 4 hours.

In view of the above mentioned, the following is an
attempt to explain foetal weight and protein loss in this
study.

The placenta actively removes amino acids from maternal
blood in the last 4-5 days of rat pregnancy for the foetus.
This causes the maternal serum level of amino acids to be
constantly depleted; in response, the maternal tissue
proteins are mobilized to keep the serum level of amino
acid normal. 1In this sense the amino acid supply of the
foetus originates from the maternal tissues. When the
mother takes in food and, consequently in response, serum
insulin level is increased, protein degradation in tissues
(muscle primarily) diminishes and synthesis predominates.
The muscle tissue is relieved of its duty of supplying amino
acids for foetal use for as long as the serum insulin level
remains high. If the protein concentration of the food is
normal, then while the amino acid level of maternal blood
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is raised, the active transport of amino acids across the
placenta to the foetus continues. Once glucose and amino
acid levels drop, muscle and other tissues whose protein
metabolism responds to insulin (Kalkhoff and Kim 1979;
Tischler 1981; Young 1970) resume protein catabolism.
Meanwhile the foetus continues extracting its amino acid
from maternal blood via the placenta. All would be well if
the amino acid supply of food is ample. However, if the
food only contains 5% protein (instead of 20%) and the
missing 15% is replaced by some form of carbohydrates a
different situation arises. The glucose absorbed from

food will keep serum insulin level high whereas the amino
acid supply at the same time into the blood from diet is

a quarter of what it should be. This situation would keep
the serum amino acid above fasting levels for a much shorter
time during feeding. After a meal the tissues in response
to insulin join the foetus in demanding amino acids, rather
than being the suppliers. Thus, the foetus has to compete
with other tissues for its raw material. Also, obviously,
there must be a limit to placenta's active transport.

Below a certain level of aminoc acid in the maternal blood,
placenta's rate of active transport may be diminished.
Therefore, while the serum insulin remains high, the foetus
is deprived of its normal amino acid supply, and is therefore
that much worse off. It is important to note that the rat
foetus is more than 80% protein in terms of dry matter.

In the present study, it has been shown (Table 3,
Figure 7) that the foetus of the protein deficient rats is
about 20% less in weight and protein content compared to
the controls. The data from Table 1 shows that the amount
of carbohydrate (sucrose and starch) added to the stock
diet to make up the low protein diet constitutes 63% of the
weight of the diet and therefore the ingested food.

Galler et al. (1980) have shown that a 20 day pregnant
rat on a 7.5% casein diet (made up with carbohydrates)
spends 6.8% of the time each day eating, as compared with
12.8% of time for the controls. Assuming that the rats in
this study spent the same amount of time eating the 5%
protein diet and that for about 4 hours after the meal the
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protein synthesis in muscle is above fasting levels (Munro
et al. 1959), it is possible, very roughly, to estimate the
time the foetus 1is deprived of normal amino acid supply
from the diet:

- % time eating food (6.8%)
- equivalent % time eating pure carbohydrate (4.3%)
- hours, daily, spent on eating pure carbohydrate (1.03)

- hours, daily, muscle protein synthesis rate above
fasting (1.03 + 4.00 = 5,.03)

- hours between day 17 and 21, muscle protein synthesis
above fasting level (5.03 x 4 = 20.12)

~ % time between day 17-21 foetus deprived of amino
acid supply from diet 20.12

In other words, for 21% of the time the foetus is not
accumulating protein and therefore would be 21% less in
protein content as a result. This theoretical figure is
very near the percentage of protein loss in the 21 day
foetus (see Figure 7). It should be pointed out that the
time the rats spend on faeces and urine consumption (Chinn and
Hannon 1966) would not influence the calculation as the
amount of digestable carbohydrate in urine and faeces is
very low and certainly lower than their nitrogen and fibre
content (Allman and Dittmer 1968; Yoshida et al. 1968).

One recent report presents evidence which is in support
of the above mentioned hypothesis; Moldawer et al. (1981)
found that rats fed a fat-only diet maintained near normal
concentration of plasma amino acids, '"despite a greater
loss of body N than observed in terminally fasting
animals'". Rats consuming a high carbohydrate diet (less
than 5% recommended protein intake), however, lost less
body weight and protein than either fasted animals or
rats receiving a fat-only diet. They also had a 55%
decrease 1in plasma essential amino acid concentration and
about twice the serum insulin level of the fat-only fed rats,

Another interesting report in this respect is that of
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Morgan and Naismith (1977). They found that if the pregnant
rats fed a 5% casein diet (protein diluted by corn starch)
were given a normal diet between day 17 and 21, the foetal
protein content was only just over 10% less than controls,
whereas the foetus of unsupplemented rats was over 30% less
than the control in its protein content. The same was true
of the foetal weights. There is a strong possibility that
the foetal weight loss in the latter group between days 17
and 21 is caused by maternal ingestion of a high
carbohydrate - low protein diet in this period.

In view of these studies it would be interesting to
perform an experiment on pregnant rats, in which a 5%
protein diet was created by diluting the stock diet with fat
instead of carbohydrates, as has been done in the present
study. The quantity of fat used would be iso-energetic to
the quantity of carbohydrate to keep the protein-energy
ratio the same.

There are other questions which arise from the results
in this Chapter. For example, how is it that a smaller
placenta ~ about 40% lower in protein -~ can support the
foetus which is only about 20% lower than normal? Or, by
what mechanism does the muscle maintain its anabolic-
catabolic phases? These and other questions will partly
be discussed in the next chapters.

Among other experiments which could confirm or
substantiate the findings in this Chapter are:

(1) Measurement of the level of individual free amino acids
in muscle. For example the concentration of leucine in
muscle has been suggested to be important in regulating
muscle protein metabolism (Li and Jefferson 1977; Ward

et al., 1982).

(2) Studies on the maternal body after parturition to see
if a protein deficient diet during pregnancy causes any

permanent damage or early death.



Chapter 3

Protein turnover and amino acid oxidation

in pregnant and protein deficient rats
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(I) Introduction

(A) Concepts

Protein composition and homeostatis of the body are
maintained by the integrated action of all the tissues and
organs. Each part of the body has to fit functionally
into a greater overall framework. Protein turnover is a
term which is applied to the dynamic balance between two
processes of protein synthesis and breakdown. Each
individual protein, tissue, organ ... has its own protein
turnover rate. Whole body protein turnover is the integrated
result of these activities, and is therefore similar to the
basal metabolic rate (Waterlow and Stephen 1967).

In the animal cell most, if not all, proteins
continuously turn over (Waterlow and Jackson 1981) and the
concentration of a single protein in a tissue depends on
the balance between its synthesis and degradation. The
control of the protein concentration is apparently exerted
through both processes which often operate independently
(Schimke and Doyle 1970). When the protein mass in a
tissue, or the whole body, is in a steady state, turnover rate
is constant and the two opposing processes of synthesis and
breakdown are thought to be equal (Garlick and Millward
1972). Measurement of the turnover rate of proteins in
individual tissues or the whole body can be very useful in
nutritional studies in animals and man (Waterlow and
Jackson 1981), since its alterations can be treated as
biochemical symptoms. Changes in the turnover rate, by
the definition of the term, is brought about by the shift
of balance between synthesis and breakdown rates. In an
anabolic, non-steady, state such as growth or pregnancy,
the rate of synthesis is greater than breakdown. 1In a
catabolic state such as starvation, the balance is reversed.

The measurement of protein turnover in the whole
animal and its individual tissues rather than measurement
of nitrogen balance has distinct advantages in understanding
the processes occurring in an anabolic physiological
condition like pregnancy. While the latter balance
measurements give information on net changes, they cannot
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indicate either the intensity of nitrogen metabolism, or
the mechanisms by which changes are brought about. The
former, however, gives an insight into these, by indicating
how a positive nitrogen balance was achieved (Waterlow

and Jackson 1981).

Ideally, an accurate description of the turnover
process requires that both synthesis and breakdown should be
independently measured. However, once the protein mass is
known, measurement of the rate of synthesis is sufficient
to estimate the rate of breakdown.

In all methods for measuring protein turnover of
tissues or the whole body, isotopic tracers have been used.
The kind of tracers which have been employed are labelled
amino acids (Garlick et al. 1973a; Harney et al. 1976;
Waterlow and Stephen 1968) using either tritium (Miller
et al. 1978), '*C (Mayel-Afshar and Grimble 1982), 15y
(Waterlow 1969), or non amino acids such as [140] Na CO3
which indirectly introduce label into tissue protein
(Millward 1970).

There are several assumptions common to all methods of
measurement of protein turnover using isotopes, which limit
the accuracy of the conclusions reached. Initially, the
very complex system within a tissue and more so within the
body is represented by the over-simplified model of a two
pools system -~ an amino acid pool and a protein pool.
Another assumption is that material exchanged between the
pools or introduced into them (e.g. the tracer) mixes
completely and instantaneously with those already present
and that at any moment each molecule in the pool has an
equal chance of being exchanged or metabolized (Waterlow
et al. 1978, ch.5). An additional problem is that the
label is introduced into a complex mixture of tissue
proteins with widely different rates of synthesis. The
experimental techniques used.usually involve the treatment of
tissue proteins as a single entity rather than separating
them from each other before radioactivity measurements
take place.
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(B) Choice of method

Since there are several methods available for measuring
rates of protein turnover in the whole body and in the
tissues, it is important to discuss the reasons for
choosing the one used in the present study. This requires
some knowledge about merits and drawbacks of various
available methods.

There are two basic ways of measuring protein
turnover. Firstly, after the administration of an
isotopically labelled amino acid, the rate of its
incorporation into proteins is used to determine the
protein synthesis rate. Secondly, the rate of loss of label
from protein can be used to measure both protein synthesis
and breakdown rates. Although lack of knowledge about the
precursor specific activity (amino acids bound to t-RNA)
affects the first type of technique, the problem of
measurement on the complex mixtures of proteins found in
- whole tissues are more serious with the second type of
technique (Garlick and Millward 1972) which follows the
rate of loss of label from tissue proteins over a long
period of time. Of the methods which measure the rate of
incorporation of isotope into protein (rate of protein
synthesis), the continuous infusion technique is preferred.
The latter is particularly suitable for studying tissues
like muscle which have relatively slow rates of protein
synthesis. The period of measurement is short (6 hours),
thus enabling rapid changes in protein mass to be observed
such as occur in pregnancy. It was therefore the method
of choice in the present study. The main characteristic
of the continuous infusion technique is achieving a constant
specific activity in the precursor pool during the period
of measurement. It is also possible to achieve constant
specific activity in the amino acid pool by feeding
labelled amino acid or 14C~carbonate. However, continous
feeding method only gives valid results when the period
of measurement continues over a long period of time and
is not useful for measuring relatively rapid fluctuations

in synthesis such as was expected during pregnancy.
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One way of reducing the uncertainty about the specific
activity of the precursor pool is to flood the amino acid
pools with tracer amino acid by injecting a large single
dose. Such a technique is referred to as the Massive Dose
technique. However, this method is suitable only for
tissues with rapid protein turnover rates such as the gut
or the liver and not for those with slower rates, like
muscle (McNurlan et al. 1978; Waterlow et al. 1978, ch.10).
Muscle is the largest protein reservoir of the body, and
therefore it is of major importance to this study. 1In
addition, the Massive Dose technique requires that the
large dose of amino acid given does not interfere in any way
with the process of protein synthesis, and this could not
be guaranteed for either the placenta or the foetus,
particularly in a protein deficient condition. Moreover,
with the constant infusion technique, the effect of shock
and trauma of injection procedure on the animal is
minimally reflected on the measurement (Garlick et al. 1975;
Harney et al. 1976; Waterlow et al. 1978, ch.10). This may
not be the case with the Massive Dose technique.

The amino acid tyrosine, was chosen for this study for
two reasons. First, tyrosine has a small pool size and
hence the free tyrosine pool _plateau is reached very
rapidly (Waterlow et al. 1978, ch.8). Second, this amino
acid is neither synthesizednor catabolized by muscle
(Goldberg et al. 1980).

When labelled tyrosine is used, the specific
radioactivity of free tyrosine within each tissue is taken
to be representative of that of the precursor amino acid.
Since in muscle the specific radioactivity of the tissue,
tyrosine, is not very different from that of the plasma,
the assumption that the tissue tyrosine represents the
true precursor is not likely to produce a substantial error
(Waterlow et al. 1978, ch.4).

(C) Protein turnover in pregnancy and malnutrition

(1) Whole body protein turnover

Whole body protein turnover which represents the
process of renewal and replacement of all body proteins,
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has been suggested to be closely related to the basal
metabolic rate (Waterlow 1970; Waterlow and Jackson 1981).
Waterlow and Stephen (1967) who measured protein turnover

in the rat have shown that under a wide range of nutritional
states and dietary intakes the rate does not markedly change.
However, the pattern of protein turnover in individual
tissues is reported to be susceptible to dietary variation
(Millward 1970). 1In a recent review (Waterlow and Jackson
1981), it has been suggested that the rates of protein
synthesis and breakdown are sensitive to supply of energy,
level of physical activity, hormones and dietary protein.

In addition, changes in rates of protein synthesis and
breakdown represent an important part of the mechanism of
adaptation to different levels of nutrition.

Individual tissues can make an appreciable contribution
to whole body protein synthesis if either their fractional
synthesis rate is high, as in the liver, or the size of
their protein pool is large, as in muscle (McNurlan et al.
1980).

(ii) Liver protein turnover

Reports on the effect of low protein diets on liver
fractional synthesis rate (FSR) are conflicting
Quartey —Papafio et al. (1980) have found that the FSR
of liver protein does not change in response to a low
protein diet, whereas others (Garlick et al. 1975; Millward
and Garlick 1972a; Waterlow and Stephen 1968) have found
that it is raised. It may be worth noting that the method
used by the former (Massive Dose technique) would include
liver structural proteins as well as the export proteins
in the FSR measurement, whereas the technique of the latter
(continuous infusion technique) would account for liver
structural proteins only. Indeed, in another study, it has
been found that albumin synthesis in liver falls rapidly
in response to a low protein diet (Hoffenberg 1972).

It has been suggested that liver protein mass is
largely regulated by changes in the rate of protein
breakdown and thus in turn is influenced by substrate
availability (Waterlow and Jackson 1981). 1In addition to
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dietary sources, the amount of amino acid available for
synthesis into liver protein will be influenced by amino acid
oxidation and release of amino acids into the pool from

protein breakdown.

(iii) Amino acid oxidation

Reduced amino acid oxidation has been suggested as a
mechanism by which increased dietary protein retention
occurs during pregnancy (Naismith 1980). Among the
biochemical features of the anabolic phase of pregnancy,
are reduced activities of urea cycle enzymes and
transaminases (Naismith and Fears 1972). Since a lowered
urea concentration in blood in this period, has also been
observed, it may be that a reduction in amino acid catabolism
by the liver is an important factor in the increased
retention of protein in the anabolic phase of pregnancy.

On the other hand, amino acid oxidation has been shown to
be reduced in protein deficiency (Reeds 1974). 1In the
present study, in vivo measurements of amino acid oxidation
were performed during both phases of normal and protein
deficient pregnancy, to find out the extent to which this
process is reduced in each phase, and whether further
adaptation is possible under conditions of protein
deficiency.

(iv) Muscle protein turnover

Protein deprivation has been reported to cause a
large reduction in the rate of muscle protein synthesis
in the rat (McNurlan et al. 1980; Waterlow and Stephen
1968). However, the degree of sensitivity to the protein
content of the diet depends on both age and sex. Female
rats are reported to be less sensitive than male rats
(Waterlow and Stephen 1968). Most of the studies on muscle
protein synthesis or turnover have been done on young male
rats (Waterlow et al. 1978, ch.19). This is somewhat
unfortunate from the point of view of comparison of values
obtained in the present study with those in the literature
since the control rats in the present study would have to
be adult females. Indeed, it is to be expected that the
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effects of protein deficiency in vigorously growing muscle
of the young male rats would be different from that seen
in the adult females.

Muscle protein synthesis has been shown to be
particularly sensitive to malnutrition and hormonal
imbalances (Millward et al. 1976; Millward and Waterlow
1978). Only starvation (Millward and Waterlow 1978) and
large doses of glucocorticoids have been shown to increase
the degradation rate (Tomas et al. 1979). The combination
of decreased protein synthesis and increased degradation in
these severe conditions maximizes the potential for
mobilizing muscle protein.

However, in several models of muscle hypertrophy,
muscle protein breakdown rates increase (Waterlow et al.
1978, ch,16). Millward has suggested a sequence of events
in which an early increase in protein synthesis is followed
by a secondary increase in degradation (Millward 1980a).
This idea is supported by evidence in vivo,and in muscles
incubated in a stretched immobilized state (Goldspink
1977,1978; Laurent et al. 1978).

As was mentioned earlier, there are many studies on the
effect of protein undernutrition on protein turnover in the
muscle, liver and the whole body during growth (Waterlow
et al. 1978, ch.19). However, there is only one report
so far on the effects of malnutrition on protein synthesis
in pregnancy (Hayashi and MacFarlane 1980), The latter work,
on the effects of starvation during pregnancy, suggests
that starvation affects FSR of liver only in the catabolic
phase by decreasing it. The FSR of foetus and placenta are
increased.

There are no studies on whole body protein turnover and
muscle FSR during normal pregnancy. Furthermore, the
effects of a low protein diet on these parameters during
pregnancy has not been studied in any tissue.

In the present study, the effect of maternal dietary
protein deficiency on the whole body protein turnover, FSR
of muscle, liver, placenta and foetus, as well as amino

acid oxidation, in the pregnant rat have been measured,























































































































































































































































































































































































































































































