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lNTRODUCTION

Living organisms have evolved a very complicated regulatory mechanisms for
controlling the levels of their enzymes, specially those catalyzing critical reactions involved
in adaptation to environmental changes. Enzymes are specific proteins that catalyze
chemical reactions in biological systems. The feature, which generally characterizes all
multicellular organisms, is the progressive development and gradual impairment in the
ability to adapt to the environmental changes. At the biochemical level, adaptation can be
expressed as the alterations in the rates of synthesis and degradation of enzymes as well
as changes in physiological activities. It is facilitated by regulated rate of synthesis and/or
degradation and by post-translational modification of enzymes. Higher organisms,
including humans, are like cellular cities in which groups of cells perform specialized
functions and cooperate by intricate system of communication. Each specialized group of
cells, termed as tissues, requires different rates and patterns of metabolic adjustments
during the development of animals. Essentially, all the metabolic reactions are catalysed
by enzymes. Therefore, enzymes are one of the prime factors that play pivotal role in

regulation of metabolic adjustments as an adaptation to the changing demands made
upon developing animals.

Life span is a continuum of development and growth at one end and deterioration
of functions or senescence or aging at the other end. In between is the reproductive phase
or adulthood. Life span is programmed into the developmental patterns of the organism.
The programme onsets as soon as the fertilized egg begins to grow (Hanawalt, 1987).
This genetic programme determines the maximum life span for each species, for example,
mayflies live only 1 day, houseflies 30 days, rats 3 years, horses 25 years and humans
100 years. Further, all individuals of a species have a more or less similar life span, long-
lived individuals have generally long lived progeny, identical twins have almost similar life
span. Life span can be defined as the duration of life of an individual or organism in a
particular environment. The life span of a multicellular organism may be broadly divided
into three phases: development (growth), reproductive period (adulthood) and senescence

' (aging). The time of onset, duration and rate of each phase (Kanungo,1994) is dependent
on the vigour and vitality of the other, and are therefore interrelated. Development

normally involves both quantitative and qualitative changes leading to suitable



specialization of various cells, tissues and organs of the body, which is usually referred to
as differentiation. The development of many animals is divided into prenatal and postnatal
periods. For many years, attention was focused on events taking place before birth, when
the most striking advances occur in the animals. Prenatal and postnatal stages are
characterized by certain distinguishing features, such as morphologic, physiologic,
biochemical and psychological features (Timiras, 1994). Accordingly, prenatal
developmental studies encompass events that take place right upto birth or hatching,
whereas, postnatal developmental studies extend upto at least the attainment of
reproductive maturity which include the period of infancy and/or weaning, childhood,
adolescence and adulthood. Aging, on the other hand, has been described as a process
that causes a gradual decline in the function and adaptability to environmental changes
following the onset of reproductive maturity.

The biological nature of aging was postulated to be pleiotropic in nature resulting
from the normal by-products of living processes which may be from evoliutionary non-
selected endogenous properties of an organism. Aging is defined as the time-dependent
drifting away of cells, cell organization and homeostatic control from their most optimum
state of functions (Cutler, 1984). Two classes of pleiotropic aging processes were
postulated to exist. One is associated with energy metabolism and has been called as
continuously acting biosenescent processes. The second is associated with
developmental processes and has been called developmentally linked biosenescent
processes. It is not known which of these two classes might play the most important role in
causing aging. Williams (1957), Medawar (1957) and Hamilton (1966) have proposed that
a special class of pleiotropic gene whose expression is linked to development causes
aging. There are also experimental data indicating that developmentally-linked hormonal
processes such as those involved in sexual maturation can act to accelerate the aging
process. Thus, aging is the result of pleiotropic effects of development, differentiation and
maturation. These processes act to accelerate the destabilization of the differentiated state

of a cell, cell organization in tissues and the general homeostatic state of organisms.

One of the basic characteristics of living organisms is their capability to adapt to an
ever changing environment. Vertebrates such as fishes and amphibians are capable of an
independent existence at relatively immature stages(larvae), with most or much of their
development still before them. It is quite otherwise with birds, reptiles and mammals. The



newborns are anatomically quite complete, yet utterly dependent on their elders for food
and care. Throughout infancy, childhood and adolescence (for humans) come the
completion of some organs and a gradual remolding of body shape (Arrey, 1966). These
progressive changes continue and stabilize only on reaching aduithood and/or maturity. In
higher animals realization of the full genetic potential involve increase in size, changes in
structure and function (Kanungo, 1994).

Developmental processes and their regulation by heredity and environment have
engaged biologists for many decades. Heredity and environment have been implicated to
determine the physiological competence and length of the life span(Timiras, 1994).
Longevity is determined by processes governing the time-dependent stability and
differentiation. These processes are encoded into longevity-related genes and their levels
of expression are governed by other regulatory genes. Environment supplies the external

factors that make development possible and allows inherited potentials to find expression.

The transformation from egg to adult is fundamentalily important to the study of
avian biology. This has long been recognized by developmental biologists and pouitry
scientists, but only recently by most avian biologists (Ricklefs,1983). Growth of a chick is
to traverse the developmental gulf between neonate and adult with a minimum of risks to
itself and with efficient utilization of the care provided by its parents. The exact course of
development depends to some extent upon the size and body proportions of the neonate
and adult and the environment of the chick during its development. A general trend during
postnatal development is from greater to lesser dependence upon parental care, and
finally to complete independence. Chick development and parental care are
complementary in that the behavior of adults is adjusted to the needs of their offspring.
Development is gradual, but the progress of the chick can be measured against certain
landmarks like hatching, acquisition of flight and independence.

Development begins with a single fertilized egg which in turn gives rise to cells that
have different developmental fates. It includes an increase in the number and size of the
cells, their differentiation to perform specialized functions and formation of organs. Atthe
molecular level, several genes that play specific roles at specific times have been
visualized and that each cell type may be characterized by its pattern of gene expression

(Kanungo,1994). The development of an adult organism from a fertilized egg follows a



predetermined path in which the principal controlling factor is gene expression at
transcriptional level. However, there may be regulation at the processing, transport, and
stability of RNA transcript. There also exists post-translational control of gene expression.
Gene expression can also be controlled by signaling due to cell-to-cell interaction (Lewin,
2000).

One of the classical examples of sequential activation and repression of genes
during development is that of hemoglobin during gestational period in human
(Zuckerkandle, 1965). Haemoglobin, a tetrameric metalloprotein, consists of ax€; chains:ln
the fetus at the age of 1 to 2 months of gestation. In the later phase of gestation, the ¢
chain is replaced by the y chain and just before birth, the y chain is in turn replaced by B
chains which together with the a chains comprise the adult haemoglobin characterized by
differences in the electrophoretic mobility. The synthesis of these chains is governed by

different sets of genes which are sequentially activated and repressed during the
development of human fetus.

Genetic control of development can be best exemplified by studies on the fruitfly,
Drosophifa melanogaster. These studies demonstrate that development involves an
orderly pattern of gene expression in which individual genes have both temporal as well as
spatial specificity in their expression, and that some important controlling genes apparently
maintain this pattern by regulating the action of other genes (Russel, 1987). Similar
studies on the soil nematode (C. elegans) showed valuable informations relating to
switching on and switching off of genes during development and aging process (Edgar and
Wood, 1977: Sulstan and White, 1980). These studies indicate that the sequential

activation and repression of genes could be a continuing process and may operate
throughout the life span of an organism.

During senescence, on the other hand, the functional abilities of most organs and
organism decrease. The decline becomes apparent towards the later part of the
reproductive phase. Thus, the reproductive phase smoothly merges into senescence
phase, unlike the transition from the developmental to the reproductive phase wherein
specific genes are expressed and confer reproductive ability to an organism. An important
feature of senescence is that reproduction ceases in this phase and no special structure or

function appears, rather than those already present undergo change (Kanungo, 1994).



To explain the phenomena of aging, various theories have been proposed. These
theories can be broadly divided into _molecular, cellular and system level theories (Sharma,
1988;1994).

Molecular theories begin with the following assumptions-

(0 All individuals within a species have an almost similar length of life span.

(i) Individuals from different species have different life span. |

According to these theories, it is presumed that there is some genetic programme
which determines the maximum life span for each species. An equally significant
contribution to a genetic basis of aging is deduced from the duration of the three phases of
life span. Molecular theories of aging include-

(a)Codon restriction theory which is based on the assumption
that the fidelity or accuracy of translation in a cell depends on its ability
to decode the triplet codons in mRNA (Strehler et al., 1971)

(b)Somatic mutation theory which states that mutations that
occur randomly and spontaneously destroy genes and chromosomes
in post-mitotic cells during the life span of an organism. This process
causes a gradual increase in the mutation foad which in tum decreases
the production of functional proteins (Szilard, 1959)

(c)Emor theory postulated by Orgel (1963) states that error
occurring during information transfer, that is, transcription and
translation may cause accumulation of defective proteins that may lead
to the aging of an organism.

(d)Gene regulation theory proposed by Kanungo (1980,94)
states that senescence may occur due to the changes in the
expression of genes after the onset of reproductive maturity. It is based
on the presumption that senescence would follow a pattern similar to
that of differentiation and growth, that is, a sequential activation and
repression of certain genes which are unique to these phases.

Cellular theories relate to changes that occur in structural and functional elements
of cell with the passage of time. These theories include Wear and tear, Age pigments, and
Cross linking theory ( Sharma, 1994).



(a) Wear and tear- Living organisms may be compared

with the machines and as with repeated use, parts of machine

_ wear out and become defective and the machinery finally fails to
function (Sacher, 1977). However, the same cannot be applied
to organisms since they have a well defined self controlled
repair mechanisms which when fail can destabilize the system
lending to aging and death.

(b) Age pigments- A marked change that occurs in the
cell composition during aging is the increasing accumulation of
age pigments (lipofuscin) in both the pre- and post-mitotic
tissues of animals (Strehler, 1964: Reichel, 1968: Toth, 1968). It
is one of the common morphological features associated with
aging and has been correlated with the loss of neurons in old
age (Brizee et al., 1969, 1975; Miquel et al., 1978).

(c) Free-radical and cross-linking theory— Harman
(1986) proposed that the decrease in the adaptability of an
organism during aging may be partly due to free radical-
mediated damages in the body. Both the “Cross linking” theory
of Bjorksten (1964) and the free radical ftheory of Harman
(1986) are almost similar as both involve the process of
inactivation of biomolecules by cross-linking due to free radical
damages.

System level theories include neuroendocrine and immunologic theories. The
overall performance of an animal is closely related to the effectiveness of a variety of
control mechanisms that regulate the interplay between different organs and tissues
(Shock, 1979). With aging, the homeostatic adjustments decline with consequent failure of
adaptive mechanisms and that aging and death may be viewed as the result of this failure
(Frolkis,1982; Timiras, 1994). The efficiency of immune system also decreases as a
funtion of age (Walford,1969). The immune system has also been known to be influenced
by hormones. Thus, a decline efficiency of endocrine and neural system with age also
influence the immune system in several functions.



During the early period of development, the mother bears much of the
-responsibility for the maintenance of homeostasis, which serves to maintain a normal state
in case of imbalance, and is necessary for growth. Homeostatic‘regulation together with
inherited traits, define the competence with which the individual will continue to respond to
environmental changes (Timiras, 1994). When the fetus leaves the uterus or when the egg
hatches, there is an abrupt change in the manner and form in which the nutrients enter
into the body for postnatal development of organisms. Metabolic routes change as an
adaptation to the changing demands made upon them. Adaptation to these changes
involve changes in the activities of many important enzymes in the body’s tissue which in
turn play a key role in bringing about developmental changes ensuring better adaptability
of growing animals.

Enzymes during development:

Enzymes are specific proteins, baring some RNA, that catalyse chemical reactions
in biological systems. Essentially, all biochemical reactions are enzyme catalysed. The
most striking features of enzymes are their enormous catalytic power and specificity. They
accelerate reactions by factors of 10° to 10'? as compared to uncatalysed reactions. They
catalyse a wide variety of chemical reactions, such as oxidation-reduction, transfer of
chemical moiety such as tranferases, hydrolytic reactions and lyases. Each enzyme
catalyses only one type of reaction showing a high selectivity for both reactants and
products. Within a single species, there may exists different forms of enzyme catalyzing
the same reaction. These could differ from one another in terms of amino acid sequences
and termed as isoenzymes. Isoenzymes are the enzymes that arse from genetically
determined differences in amino acid sequences. For instance, malate dehydrogenase
has an isoenzyme present in cytoplasm as well as in mitochondria of many different
tissues (Price, 1989). Enzymatic studies were among the first biochemical changes
demonstrated to occur during development and aging. Subsequently, a large literature has
developed concerhing the age-related changes in enzyme levels and has been well
reviewed (Kanungo,1980; Walker,1983; Sharma,1988).The rate of synthesis of some
enzymes changes in response to changes in the extracellular environment. In bacterial
cells, these changes in enzyme synthesis are quite pronounce with many fold increase in
the activity level of specific enzymes being observed. In animal cells, however, the
situation fs relatively different, although whole organism may be exposed to marked



changes in the environment, mechanism exists which minimizes the number of cells or
tissues to exhibit response (Walker, 1983). The vast.majority of enzymes in multicellular
organisms are expressed constitutively, differing from adaptive enzymes, a term which
was introduced by Karstrom (1936) to describe those enzymes which are induced in a
microorganism only when they grow in presence of specific substrates in contrast to
constitutive enzymes which are present in a given organism irrespective of the
composition of the medium in which the organism grows. Later, the term induction was
defined as an increase in enzyme activity caused by a change in substrate concentration
or by hormonal action (Cohn et al., 1953), whereas enzyme repression was defined as a
relative decrease in the rate of synthesis of a particular apoenzyme resulting from
exposure of cell to a given substance (Vogel, 1957). Induction of enzyme is attributed to
several inducers, or effectors which may either be a substrate or a hormone or a
metabolite or even an exogenous factor (Sharma, 1988). A substantial amount of
literature and reviews are available on the relationship of mammalian hormone, enzyme
levels and induction (Pitot and Yatvin, 1973; Dickerson and Basu, 1975; Kanungo, 1980;
Walker, 1983; Sharma, 1988).

Growth and development proceed with characteristic alterations of the enzymes
through which the organism acquires the capability of coping with the demands of altered
environmental conditions as imposed by birth and postnatal life (Bohme et al., 1986). A
number of studies have reported changes in enzyme activities with development and
aging (Benzi et al., 1980; Nordenberg, 1981; Sharma, 1988,1994). Expression of enzymes
during development varies with age, sex and strain of an organism. Glucose-6-phosphate
dehydrogenase increases in the kidney of aging male, whereas it decreases in the
females (Wilson & Franks, 1971) and that of lactate dehydrogenase increases in liver of
aging male mice but shows no change in females (Wilson, 1972).The activity of pyruvate
kinase does not change in the heart of old male rats but it decreases in the same tissues

of old female (Chainy and Kanungo, 1978). Pyruvate kinase (PK Il) isoenzyme is present
in fetal rat liver but absent in adult tissue (Walker, 1974).

Most studied example is lactate dehydrogenase (LDH), a tetramer made up of two
different subunits called M and H. These two subunits are controlled by two separate
genes. Various isoenzymes of lactate dehydrogenase are formed by combination of M and

H ‘submits (M4, M3H, MoH2, MH; & H,). Each isoenzyme is characteristic of individual



tissue or cell population and is subjected to different regulatory mechanisms which are
primarily concermned with the conversion of lactate to pyruvate. M-type LDH is
predominantly found in anaerobic and glycolytic tissues, where it converts pyruvate to
lactate (Markert & Ursprung, 1962). LDH isoenzyme composition is not only tissue—
specific but also changes in the same tissue during development (Markert & Molier, 1959).
The greater proportion of M, isoenzyme is present in_ developing embryos of mammals as
their metabolism is mostly anaerobic in nature. A shift towards Hs occurs as development
proceeds. Contrary to this, a greater proportion of Hs isoenzyme is found in developing
chick embryo which grows in aerobic milieu and shows a shift towards Ms~type during
later stages of development.

These changes in the composition of isoenzymes are not restricted to development
but extent into adulthood and aging (Kanungo, 1980). The proportion of Ms-LDH is
considerably lower in the heart, skeletal muscle and brain of older rats, with concomitant
increase of He-LDH. The shift in isoenzyme of LDH has been correlated with the differing
metabolic functions of the organism as a function of age. The lower proportion of M4-LDH
may cause a decrease in the ability of the tissue to cope with anaerobic conditions (Singh
and Kanungo, 1968). Studies on cytoplasmic alanine aminotransferase (c-AIAT) of the old
rat liver revealed that the phenomena of sequential changes in the expression of proteins
do extent to old age (Patnaik and Kanungo, 1976). Young (5 weeks) rat liver has A-type
and adult (52 weeks) has both the isotypes (A- & B-) while old (100 weeks ) has only the
B-isotype. Both subunits are under the control of two separate genes (Chen and Giblett,

1971) and are sequentially activated and repressed at different phases of life span in rats
(Patnaik and Kanungo, 1976).

Many studies have been done on changes in the activity of individual enzyme with
aging (Benzi et al., 1980; Kanungo, 1980). However, the key enzyme of a particular
metabolic pathway might provide a complete profile of their biological functions during
development and aging (Sharma,1988). Studies on the developmental expression of
arginine synthesizing enzymes during lactation and aging reveal that these enzymes are
highly expressed in the small intestine of sucking and weaning rats. The activity of malate-
aspartate shuttle enzymes in the liver and kidney of mice was differentially expressed in
an age- and tissue-specific manner (Sharma et al.,1892;Santa, 1997). This may reflect

differential metabolic transfer of reducing equivalents to commensurate the specific



tissue's requirements at various developmental ages. Studies on the activities of key
enzymes of glycolysis, krebs cycle and pentose phosphate pathways of several tissues at
different ages have shown that these enzymes show different patterns of expression in -
different tissues at various ages (Keast, 1989).

Enzyme induction during development:

Similar to the cellular requirements for various proteins vary, the mechanism by
which their respective genes are regulated also vary. The degree and the type of
regulation reflect the function of the protein product of that gene. Some gene products are
required all the time and hence they are expressed at a more or less constant level in
virtually all the cells of an organism. Many of the genes for enzymes those catalyse
reactions to control metabolic pathways, such as the citric acid cycle fall in this category.
These genes are often referred to as housekeeping genes. Unregulated expressjon of
such genes is called constitutive gene expression. The amounts of other gene products
rise and fall in response to molecular signals. Gene products that increase in
concentration under defined molecular circumstances are referred to as an inducible and
the process of increasing the expression of such genes is called induction. Expression of
many genes encoding DNA repair enzymes, for example, is induced in response to high
level of DNA damage. Conversely, gene products that decrease in concentration in
response to a molecular signal are referred to as repressible, and the decrease in gene
expression is called repression. For example, high level of tryptophan leads to repression
of the genes for the enzymes catalyzing tryptophan biosynthesis in bacteria.

A single gene generally contains in an eukaryotic transcription unit and that most of
the cellular enzymes and proteins are encoded by solitary non repeated gene. In general,
the rate of synthesis of MRNAs from solitary protein coding genes is sufficient to meet the
cells requirement of various individual proteins. The rates of their transcription are
controlled by several short DNA sequences, called cis-acting elements, spread over a
region of >100 basepairs either upstream or downstream of the regulated gene. The
transcription factors including steroid and thyroid hormone-receptors, termed as trans-
acting factors, regulate the expression of specific gene in the presence of an enhancer

element located at a variable distance from the promoter in either direction and orientation.
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The enhancers are tissue-specific and activate the promoter of the gene only in that tissue

and not in the other tissues (Gillies et al., 1983).

The promoter region consists of TATA box (centered at —-30 basepair), CAAT box
(-75 basepair) and GC box (-90 basepair). They are present in most genes and the
proteins that bind to them are distributed widely. Therefore, they are not responsible for
cell-specific expression of genes and are mainly responsible for generic transcription.
Besides these sequences required for both initiation and efficiency of transcription, there
are several tissues-specific cis-acting sequences which are involved in reguiation of
transcription and have specificity for binding to specific trans-acting factors including
receptors for steroid and thyroid hormones, retinoic acid and Vit D. Steroid and thyroid
hormones as well as retinoic acid receptors belong to a family of receptors that undergo
conformational change after binding to their respective ligands. The receptor-ligand
complexes then interact with definite cis-acting sequences of genes which are expressed
in a tissue-specific manner and are responsive to these hormones (Allan et al., 1991;
Wahli and Martinez, 1991; Wiseman et al., 1991).

Impacts of enzyme catalysed reactions may either be (a) by changing the
absolute quantity of enzyme present or (b) by altering the pool size of reactants rather
than the enzyme, or (c) by altering the catalytic efficiency of the enzyme (Rodwell, 1996).
All the three options can be exploited in most organisms with the help of several types of
inducers or effectors which may either be the substrate or a hormone or a metabolite or
even an exogenous factor.

The expression of age-related adaptive changes in enzyme induction has been
categorized into four general pattemns of response: (i) the response has an altered
adaptive latent period or initiation time following stimulus without affecting the magnitude
of induction, (ii) the response shows decrease or increase in the magnitude of induction
with no change in the latent periods, (iii) the response alters both the latent period and
magnitude of induction and (iv) age-related changes do not occur in the induction pattern
(Adelman, 1975; 1981). The patterns of enzyme induction, as in the case for enzyme
levels, are also susceptible to considerable variations related to differences in species,

strain, sex and conditions of environmental maintenance and the physiologic state of
animals (Sharmma, 1988).
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Age-related changes in the enzyme induction by hormones have been extensively
studied. 17B-estradiol was reported to induce acetylcholinesterase and choline
acetyltransferase in the cerebral hemisphere of immature and adult ovarectomized rats,
but not in old rats. If the level of 17B-estradiol is prevented from alteration, theoretically, it
would be possible to prolong the reproductive period and some of the adulthood activities
(Kanungo, 1994). The molecular basis for the impairment of induction of
acetylcholinesterase by estradiol in old rats appears to be because of a decrease in the
estradiol-binding protein (Kanungo et al., 1975). Patnaik and Kanungo (1976) have shown
that cytosolic-AIAT is inducible in the liver of immature, aduit and old rats by
hydrocortisone, whereas mitochondrial-AlAT is inducible only in the older rats.
Furthermore, Kanungo and Gandhi (1972) showed that the level of mitochondrial-MDH
decreases in the liver of young rats after adrenalectomy, but not in old adrenalectomised
rats. Administration of cortisone to these rats causes induction of the enzyme in young rats

but not in old rats. In contrast, administration of cortisone in hepatectomized old rats could
induce the enzyme.

Homones during development:

Hormones are signal molecules synthesized and secreted in small quantity by
specialized group of cells. They act on target cells by interacting with cognate receptors
located either on the cell surface (protein and peptide hormones) or within the
cytosol/nucleus (steroid and thyroid hormones). Hormones of endocrine, paracrine and
autocrine systems control wide variety of cellular and metabolic processes. Adaptation to

extemnal and/or internal stresses during development depends on control mechanisms of
» the combined interplay of nervous and endocrine systems (Timiras, 1994). Neurons in
brain of higher animals act as pacemaker, regulating the “biological clock” which govem
development and aging (Sharma, 1994). This pacemaker role of neurons coordinates with
the hormones resulting dramatic changes in metabolic patterns including altered patterns
of gene expression. Changes in the level of hormones and their properties of binding to
receptors during development have been extensively studied. Hence, the level of
hormones, their receptors and post-receptor events might influence the process of
development, growth and reproduction in animals.
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A considerable importance to the understanding of ways in which gene expression
in animal cells operate per se, is to establish whether the activation of genes is under the
control of specific developmental factor(s), or whether same hormones that control the
enzyme syntheses in the adult are also responsible for switching these genes on, during
development. Since hormones are known to play definite roles in the regulation of the
appearance of enzymes, therefore, changes in hormone levels together with the hormone-
receptor concentration are critically important. Changes in secretion of hormones during
development play a major role in the regulation of enzyme synthesis both during
development and in adulthood. Some of the studies on the major metabolic hormones in
mammals during early period of postnatal development are reported. However, given the
distinct differences that exist in hormonal regulation of metabolism between species,

references, wherever available have been cited with emphasis on chickens.

In aves, as in mammals, growth and development appear to be under an intricate
but judicious control mechanism, which involves endocrine, paracrine and autocrine
factors. A number of hormones have long been recognized as playing major roles in the
control of growth. These include growth hormone, thyroxine (Ts) and the active
triiodothyronine (T3) and the sex steroids (Scanes et al., 1990). In addition, other growth
factors such as epidermal growth factor (EGF), insulin like growth factor (IGF) and nerve

growth factor (NGF) have also been found to influence growth (O’Keef et al., 1988).

Knowledge of avian growth hormones have made considerable strides (Harvey
and Scanes, 1977; Scanes et al., 1990). In aves, growth hormones (GH) is required for the
nomal rate of growth as in the case of mammals. It was shown that hypophysectomy
reduces growth while replacement therapy with mammalian GH partially restores growth
rates (King and Scanes, 1986). However, administration of GH to intact young chickens
does not stimulate growth (Libby et al., 1955; Scanes et al., 1984). The absence of major
effects of chicken GH in intact young chicks was speculated to be due to the maximal
effect exerted by endogenous GH at these ages studied (Scanes et al., 1990). However,
repeated administration of biosynthetic chicken GH stimulated growth in the older (12-
weeks) chicks but not in the younger (8-weeks) chicks (Scanes et al., 1990). In chickens,
plasma GH rises gradually, with larger increase occurring during the week following
hatching (Harvey et al, 1979). Plasma GH also decreases considerably before
puberty/mid-postnatal period (Scanes and Johnson, 1984). Growth hormone shows similar
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developmental pattems in chicken as that of T3 and a casual relatioriship has been
described to exists between T; and GH during the late embryonic and early post hatch
development in chickens (Darras et al., 1992).

Adrenal hormones also play an important role in the development, growth and
homeostasis. It was shown in the rat that glucocoﬂ\icoids are present four days before
birth, increase and decline after birth and the neonatal period is characterized by relatively
low glucocorticoid concentration until 12-14 days of age, thereafter a second surge of
glucocorticoid is released by the adrenals between day 12 and 16 (Cohen, 1973; Martin et
al., 1977). - ’

In the avian system, the synthesis and secretion of adrenal hormones are also
initiated during embryogenesis and has been suspected to be involved in development
(Freeman and Vince, 1974). The principal glucocorticoid, corticosterone (Lauber et al.,
1987, Bisbis et al., 1994a), is known to increase during the early stages of development
with a marked rise at about the 15" day (Wise and Frye, 1973). It was also reported that
exogenous hydrocortisone induces several enzymes (Cohen et al., 1972). These were
further reviewed by Freeman and Vince (1974). Subsequent studies have shown that

corticosterone treatment in chickens impairs growth and induces fattening and insulin
resistance (Simon, 1984; Taouis et al., 1993).

The carbohydrate metabolism of birds reportedly differs from that of mammals in
many aspects (Pearce, 1977; Hazelwood, 1986). In rats, the late-fetal period is
characterized by high concentration of insulin which drops precipitously at birth (Blazguez
et al.,, 1970). This low level persists throughout the neonatal period. After weaning, when
the intake of carbohydrates increases, the steady-state level of the hormone increases
again. A pronounced hypoglycaemia accompanies birth and the concentration of glucagon
increases markedly during the first hour after birth in contrast to that of insulin, producing,
reportedly a 20-30 fold decrease in the insulin:glucagon ratio (Girard et al., 1973; DiMarco
and Oliver, 1978), which has been correlated to the appearance of gluconeogenic

enzymes such as PEPCK (Yeung et al., 1968) and TAT (Ghisalberti et al., 1980) in the
new born.
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In aves , the role of insulin in development is well acknowledged (Freeman and
Vince, 1974). These early work have established the fact that insulin is present in chicks
as early as the 4" day of incubation and known to increase glycogen, affect maturation of
hepatocytes (Benzo and De La Haba, 1972), enhance lipogenesis (Foa et al., 1965), and
uptake of neutral amino acids (Levi and Lattes, 1969). The role of insulin during embryonic
development of chicken has been also established (Pablo et al., 1985; Wada et al.,1990).

Aves differ from rodents in certain metabolic and endocrinological aspects (Pearce,
1977). The relative importance of insulin and glucagon on the regulation of hepatic
metabolism are dramatically different between the two groups of animals. In chicken
development, carbohydrate accounts for less than 1% of available nutrients and this is
primarily utilized within the first 7 days of the 21-day incubation period (Yarnell et al.,
1966). Throughout the remainder of the incubation, proteins and lipids serve as the major
fuel source, for both energy provisions and for production of intermediaies for biosynthetic
reactions (Freeman and Vince, 1974).

Thyroid hormones also affect various processes. by interacting with their
intracellular receptors located primarily in the nucleus of target cells. Thyroid hormone
receptors are a member of a class of steroid receptors superfamily. These receptors upon
interaction with hormone bind to specific DNA sequences, termed as thyroid response
elements (TREs), mostly located upstream of the regulated gene. This leads to a

modulation of gene expression and consequently alterations in the metabolic activity of
cells.

Thyroid hormones have been implicated in controlling development and
differentiation of many animals. They are present in low levels in foetal liver of rat and
implicated in the appearance of glucokinase and malic enzyme during the late suckling
period (Heide and Ende-Visser, 1980). In addition, thyroid releasing hormone (TRH) and
thyroid stimulating hormone (TSH) which regulate the activity of the thyroid gland are
reported to increase in concentration in the blood preceding the increase in the
concentration of thyroid hormone in the neonate (Pease et al., 1980). It has been pointed

out that the increase also coincides with the maturation of the hypothalamic-pituitary axis

as a functional regulatory element in the brain. ,/‘f \\
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It has been well established that growth in poultry as well as in other species is
regulated by thyroidal and pituitary hormones (Freeman and Vince, 1974; Scanes et al.,
1984; Harvey, 1990). Evidence for the role of thyroid hormones comes from the reduction
in growth of chicks following chemical ablation of the thyroid and the return to normal
growth rate following thyroxine replacement therapy (King and King, 1973). Paradoxically,
attempts to stimulate growth in intact chicks with exogenous Tj or T4 resulted in reduced
growth (May, 1980), whereas growth of sex-linked dwarf chicks was stimulated upon such
treatments (Marsh et al., 1984a &b; Scanes et al., 1983). In chickens, the biologically
active form is triiodothyronine (Ta) which is however predominantly produced by‘
monodeiodination of T, (McNabb, 1988). The plasma level of Ts and T4 was reported to
have an abrupt increase in T; between 19 day of embryonic period to day 1 post-hatch,

whereas, T, shows a gradual increase during the embryogenesis (Darras et al., 1992).

Hormones, even if present, can only function and interact with tissues that possess
appropriate receptors with fully functional signal transduction and second messenger
systems. As with enzymes and hormones, changes in the development of receptors and
post-receptor events have also béen advanced. Insulin being a water soluble,
~ protein/peptide hormone binds to specific receptors located on the membrane of target
cells and influences a wide variety of cellular and metabolic processes. lts receptor
consists of two a-subunits located on the outer face of the plasma membrane and two -
subunits that traverse the membrane and protrude on the cytosolic face. Binding of insulin
to the a-subunit triggers autophosphorylation of a tyrosine residue residing in the carboxyl
terminal domain of the B-subunit, which allows the tyrosine kinase domain to catalyse
phosphorylation of specific target proteins giving rise ultimately to biological response.
Insulin receptor concentration also increases markedly in rat paralleling the increase of
insulin in blood just before birth (Caliendo, 1981). At birth, the liver cells possess adult
levels of insulin receptors which are maintained throughout the neonatal period (Walker,
1983). In avian species, insulin receptors have been characterised from liver, brain (Simon
and Leroith, 1986), skeletali muscle (Adamo, 1987) and kidney (Bisbis et al., 1994b).
Insulin receptors in chicken have been detected in brain, liver, heart, limb buds and
muscles of 18 hour embryo (Serano et al., 1990). They are shown to be regulated in a
tissue-specific manner. In addition, levels of receptor measured by northern blot exhibited

a 30-fold increase in post-hatch chicks compared to the embryonic stage.

16



Protein and peptide hormones produce varying metabolic responses upon
interacting with cell surface receptors. The binding of these hormones activates an
amplifier enzyme through G-protein that generates a short-lived in the concentration of an
intracellular signaling molecule termed as second messenger. These second messengers
may be cAMP, cGMP, 1,2-diacyglycerol (DAG), inositol triphosphate (IP;) and calcium
(Ca®). The elevated intracellular concentration of one or more such second messengers
triggers a rapid change in the activity of specific enzymes or nonenzymatic proteins which
then produce the biological response. Change's in the components of the second
messenger cascade, such as adenylate cyclase, phosphodiesterase and cyclic-AMP, have
been detected 5 days before birth, increase to reach a maximum 5 days after birth before
declining to adult levels. In aves, during incubation period, the adenylate cyclase and
cyclic-AMP cascade is relatively immature (Freeman and Manning, 1971), maturing only

dufing and after hatching, so that glucagon can stimulate lipolysis and glycogenolysis.

Glucocorticoid receptors are a group of trans-acting factors present predominantly
in the cytosolic fraction of many cell types. Upon interaction with glucocorticoids, they
translocate into the nucleus and interact with specific DNA sequences located generally
100-200 basepairs upstream of the regulated gene(s). These DNA sequences are termed
as glucocorticoid response elements (GRE’s). Binding of cognate hormone-receptor
complexed to GRE’s modulates the expression of gene which in turn influence the
metabolic response (Yamamoto, 1985; Beato, 1989). High affinity glucocorticoid binding is
detected in fetal rat liver 6 days before birth. With the onset of birth, there is a marked
increase in the concentration of glucocorticoid receptors (Feldman, 1974; Giannopoulos,
1975). Hepatocytes isolated from fetus 3-4 days before birth are reported to be stimulated
to synthesize tyrosine aminotransferase (TAT) when incubated with glucocorticoids (Cake
et al., 1979). TAT is normally synthesized just before birth. These findings alongwith the
interpretations have been quite extensively reviewed (Walker, 1983). The changes in the
level of glucocorticoid receptors as well as in the physicochemical properties have been
well documented (Kalimi, 1984; Sharma, 1988). Glucocorticoid effect on various
processes depends on the level as well as on the physicochemical properties of its
receptor. Age-dependent changes in the inducibility of enzymes by glucocorticoids have
been reported to be influenced by the level of receptors and also by the post-receptor
events (Sharma, 1994). It has also been reported that the concentration of glucocorticoid

receptor increases during the prenatal as well as postnatal development (Singer and
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Litwack, 1971; Feldman, 1974). Receptors also exert a certain degree of control over the
responses that are dependent upon the amount of complexes generated between
receptors and hormones (Roth, 1988). An age-related reduced entry of activated steroid-
. receptor complexes in the nuclei has been observed in rat prostate. In rats, pancreatic
glucocorticoid receptor and total plasma corticosterone level change during postnatal
development and the peak value of binding corresponds to an increase in the plasma
cortisone level during weaning. Hence, there is a close relationship between plasma
corticosterone level and pancreatic glucocorticoid receptors and both may play a vitai role
in pancreatic development in rats (Lu et al., 1987). Glucocorticoid receptor concentration
as well as its actvation and nuclear binding has been earlier studied in immature and
mature Long-Evans rats (Sharma and Timiras, 1987). A higher amount of receptor with
greater actvation characteristics was obtained, which was well coirelated with the weaning
period in rats. An elevated level of glucocorticoid receptor protein has also been reported

in the liver and kidney of 30- and 45-day old mice, respectively (Borbhuiya and Sharma,
1995 a,b).

In recent years, it has been realized that steroid hormone and protein/peptide
hormone actions are not solely isolated. They do ‘cross-talk’ each other and show an inter-
dependence (Sharmma, 1993). Activators and inhibitors of protein kinases have been
reported to modulate accordingly the steroid hormone influence on the induction of TAT
and TO (Sharma, 1991, ‘93). Dopamine and Bt,-cAMP have been shown to modulate the
effect of progesterone via progesterone receptors. Biomedical potential in getting desired
effect of steroids in presence of protein kinase activators will avoid toxic effect of higher
steroid doses used alone. Even, it might provide a prospective field for study of
development and aging processes.

Malate-aspartate shuttie:

Most of the NADH used in electron transport is produced in the
mitochondrial matrix space (Garreth and Grisham, 1999) because NADH is oxidized by
Complex | on the matrix side of the inner mitochondrial membrane. Lehninger(1951)
showed that intact mitochondria are impermeable to externally added NADH.
Subsequently it was confirmed that the inner mitochondrial membrane is impermeable to

NADH. The mitochondrial inner membrane does not contain a transport system for NAD*
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or NADH. In animal cells, most of the NADH oxidized by the respiratory chain is generated
in the mitochondrial matrix by the tricarboxylic acid cycle or by the oxidation of fatty acids.
However, a considerable fraction of the total NADH is generated in the cytoplasm during
glycolysis, and the transport of these reducing equivalents across mitochondrial
membrane is required for respiration in a variety of metabolic procesées (Krebs, 1967). ‘
The NADH formed in the cytosol during glycolysis must be reoxidized to NAD" in order to
operate the glycolysis under aerobic condition. it is advantageous to reoxidise the NADH
by the respiratory chain rather than by the formation of lactate or ethanol. Approximately,
three molecules of ATP are formed for each NADH oxidized in the mitochondria, whereas
no ATP is made when NADH is oxidized by the cytoplasmic lactate dehydrogenase or
alcohol dehydrogenase. Therefore, eukaryotic cells have a number of shutfle systems that
harvest the electrons of cytosolic NADH for delivery to mitochondria without actually
transporting NADH across the inner membrane. Various mechanisms have been proposed
for this transfer, of which the glycerophosphate shuttle and the malale-aspartale shuttle
are the most important (Meijer and VanDam, 1974; Christen, 1985).

The most active NADH shuttle for the movement of reducing equivalents (in
the form of NADH) from the cytoplasm to the mitochondria is the malate-aspartate shuttle
(Williamson et al., 1971; Cederbaum et al., 1973; Ross et al., 1977; McDonald, 1983). The
main enzymes of malate-aspartate shuttle are malate dehydrogenase ( MDH; EC 1.1.1.37)
(Grimm and Doherty, 1961; Whitt, 1970) and aspartate aminotransferase (AsAT; EC
2.6.1.1) (Whitt, 1970; Braunstein, 1973). The kinetic differences between these two
enzymes may be important to the functioning of the shuttle (Majee and Phillips, 1971).
Both these enzymes have two homologous and genetically independent isoenzymes; one
in the cytosol and the other in the mitosol (Davidson, 1967; Bailey, 1969).

In the malate-aspartate shuttle, the reducing equivalents of cytosolic NADH are
first transferred to cytosolic oxalacetate to yield malate by the action of cytosolic malate
dehydrogenase (c-MDH). The malate formed, which carries the reducing equivalents
donated by cytosolic NADH passes through the inner mitochondrial membrane into the
matrix (mitosol) by a dicarboxylate (malate-a-ketoglutarate) transport system. Once inside
the mitochondria, the reducing equivalents carried by malate are transferred to matrix
NAD" by the action of mitochondrial malate dehydrogenasé (m-MDH), reducing it to
NADH. This NADH then passes its electrons directly to the respiratory chain in the inner
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Schematic representation of malate-aspartate shuttle

mitochondrial membrane. Three molecules of ATP are generated as this pair of electron
passes to molecular oxygen. The rest of the shuttle is concemed with the regeneration of
cytosolic oxaloacetate to start another round of the shuttie and the details of schematic
representation of malate-aspartate shuttle is shown above. The malate-aspartate shuttle is
also reported to be a primary mode of transfer of NADH reducing equivalents from the
cytoplasm in vascular smooth muscle. Glucose oxidation and lactate production are
influenced by the activity of the shuttle (Barron et al., 1998). Regeneration of NADH in the
cytosol is limited in chicken liver, and that gluconeogenesis is regulated, in part, by
alterations in the redox states of mitochondria and cytosol (Sugano et al., 1982). Although
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gluconeogenic reactions are similar in all organisms, the metabolic context and the
regulations of the pathway differ from organism to organism, and from tissue to tissue
(Lehninger et al., 1993). The major gluconeogenic precursor in chicken liver is lactate
instead of pyruvate. The crucial gluconeogenic enzyme phospheenol pyruvate
carboxykinase (PEPCK), found predominantly as a cytosolic enzyme in rats and mice, is
localized in mitochondria of chicken liver and kidney (Ogata et al., 1982). Oxaloacetate
produced in mitochondria is converted directly to phosphoenolpyruvate (PEP) by a
mitochondrial PEPCK. The PEP is then transported out of the mitochondria and serves
onto the gluconeogenic pathway. It clearly establishes distinct differences in metabolic

make up of aves as compared to rodents and other mammalian species.

Malate-aspartate shuttle involves an influx of malate and glutamate and an efflux
of aspartate and a-ketoglutarate from mitochondria. The functional significance of this
shuttle is to unfold the degree of control points for the glycolysis, gluconeogenesis and
krebs cycle (Borst, 1963). The enzymes of malate-aspartate shuttle are freely reversible in
their catalysis and generate malate, aspartate, glutamate, a-ketoglutarate which are
transported through distinct carrier systems. These carrier systems are located on the
mitochondrial membrane (aspartate-glutamate carrier and a-ketoglutarate-malate carrier).
The carrier system, first described by Borst (1963), was designated as the malate-
aspartate shuttle. A directionality is imposed on the system by two cairier proteins. In
chicken, excess cytosolic reducing equivalents generated by the oxidation of lactate to

pyruvate are transferred from the cytosol to the mitosol by the malate-aspartate shuttle
(Ochs and Harris, 1980).

The malate-aspartate shuttle can be reconstituted, using isolated mitochondria and
the extra mitochondrial components of the shuttle (Cederbaum et al., 1973). Dawson
(1982) reported that the rate of oxidation of NADH was directly related to the amount of
mitochondrial proteins present, while extra mitochondrial reactions become limiting only
when the soluble mitochondrial protein ratio fell below 0.8. it has also been observed that
a high fat diet increases both the endogenous and total rates of shuttle activity compared

to the rates obtained with mitochondria fromilow fat fed rats (Cederbaum et al., 1973).

Kauppinen (1983) reported aminooxyacetate as a nonspecific inhibitor of pyridoxal

phosphate-dependent enzymes. Aminooxyacetate inhibits aspartate aminotransferase, a
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pyridoxal phosphate-dependent enzyme, both in the cytosolic and mitochondrial
compartments. Aspartate aminotransferase is an essential component of the malate-
aspartate shuttle which predominantly transports electrons from cytosolic NADH into the
mitochondria. Application of aminooxyacetate demonstrated that the NADH shuttie system
was essential for coupling glycolysis with activation of mitochondrial ATP generation to
trigger glucose-induced insulin secretion (Eto et al., 1999). In chicken, although the
pathway for glucose synthesis from lactate is not thought to involve transamination steps,
inhibitors of transamination like aminooxyacetate blocks lactate gluconeogenesis. Thus,
aminoxyacetate inhibits the malate-aspartate shuttie and, consequently, glucose synthesis
for want of pyruvate (Ochs and Harmis, 1980). It has also been reported that B-
methyleneaspartate inhibits both the cytosolic and mitochondrial aspartate
aminotransferase of synaptosomes and also impairs NADH oxidation in a reconstituted
malate-aspartate shuttle (Cheeseman, 1988). Malate dehydrogenase and aspartate
aminotransferase are also inhibited at relatively low concentration of bilirubin which has
been shown to inhibit the malate-aspartate shuttle (McLoughlin et al., 1987). In the
perfused rat liver, the redistribution of cellular Ca®** may activate the efflux of aspartate
from mitochondria resulting in an increase in the capacity of the malate-aspartate shuttle
(Sugano et al., 1988). Alanine metabolism has been shown to increase the capacity of the

malate-aspartate shuttle in perfused liver of cold-exposed and steroid replaced rats
(Sugano et al., 1986).

Malate dehydrogenase:

Malate dehydrogenase (MDH ; EC 1.1.1.37) is widely distributed in animal
tissues and plays an important role in carbohydrate metabolism. It catalyses the oxidation
of malate to oxalacetate with a AG® of +7 Kcal/mole. MDH has been purified from wide
variety of sources ranging from E. coli to humans. It catalyses the same reaction, albeit
differs in physical and chemical properties. It is one of the several enzymes known to
exists in two distinct forms: one in the cytosol (c-MDH) and the other in the mitosol (m-
MDH). The two forms have different chemical, physical and kinetic properties and each
has a characteristic electrophoretic pattern. The two forms also show a dissimilar

developmental pattern and may be regulated differently by endogenous effectors (Malik et
al., 1993).
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The mechanism of action of MDH is closely related to that of lactate
dehydrogenase (Larry and Johannes, 1978). m-MDH plays a crucial role in the reversible
conversion of malate to oxalacetate in the Krebs cycle. c-MDH, on the other hand, is
critically involved in gluconeogenesis (synthesis of glucose from non carbohydrate
sources). The initial step in gluconeogenesis in the carboxylation of pyruvate to
oxalacetate which is catalyzed by pyruvate carboxylase, a mitochondrial enzyme.
Oxalacetate thus formed in the mitochondria cannot cross the membrane. However,
malate diffuses from the mitochondria to the cytoplasm where it is oxidized by ¢c-MDH to
oxalacetate. Further, oxalacetate is converted to phosphoenlpyruvate by
phosphoenolpyruvate carboxykinase (PEPCK). Thus, c- and m-MDH perform distinct
metabolic functions in the different compartments (Lardy et al., 1965). The cytosolic
enzyme differs from that of mitochondrial in its catalytic and physicochemical properties.
Both the isoenzymes are NAD -dependent. However, m-MDH but not c-MDH is inhibited
by high concentration of NADH. c- and m-MDH are also under the control of two separate
genes (Davidson and Cartner, 1967). It was also reported that nutrition and hormone also
regulate the gene for avian malic enzyme (Goodridge et al., 1989). MDH isoenzymes
genes were also isolated from mouse and reported to have the DNA sequences required
for the promoter activity of these genes. Nuclear binding to the promoter regions was also

determined and that a transcription factor, CTF/NFI may contribute to the regulation of
these isoenzymes. ’

Malate dehydrogenase is a dimeric enzyme consisting of identical subunits (M,=
35,000) (Banaszak and Bradshaw, 1975). Its dissociation and reassociation have been the
subject of many studies involving pig heart mitochondrial isoenzyme (m-MDH) (Wood et
al., 1978; Muller et al., 1984, Gerl et al., 1985). Malate dehydrogenase from the cytosolic
fraction of rat liver has been purified and its molecular weight (71 kDa), isoelectric point (pl
5.1), and amino acid composition were determined. The Vnh wWas reported to be 53.3
umol/min/g wet wt. for oxalacetate and 48 ymol/min/g wet wt for malate oxidation at pH
7.4 (Crow et al., 1982). In chicken, the purified preparations of cytosolic malate
dehydrogenase resolved show three electrophoretically distinct species with identical
amino-acid compositions and physico-chemical properties very similar to those of the
cytosolic isoenzyme of other sources (Domenech et al.,, 1986). Mitochondrial malate
dehydrogenase has been isolated and characterized from a large number of sources
(Fahein and Strmecki, 1969; Glatthaar et al., 1974; Hagele et al., 1978; Kuan et al., 1979;
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Okayabashi and Nakano, 1984; Cremel et al., 1985). In rat liver, MMDH has @ Vpax Of 38
pmolmin/g wet wt. for oxalacetate reduction and 39 pmol/min/g wet wt. for malate
oxidation at pH 7.4. Rates of the reaction catalysed by mitochondrial malate
dehydrogenase under condition similar to those in vivo were calculated and found much
lower than the maximum velocity of the enzyme (Wiseman, 1991). Mitochondrial malate
dehydrogenase isolated from pig and chicken also known to contain one tyrosine residue
which is important for its structure and function, probably involved in a hydrogen bond
formation with a carboxylate group (Muller et al., 1983). The polypeptide chain
conformation and coenzyme binding site of the crystalline porcine heart mitochondrial
malate dehydrogenase by X-ray diffraction studies was determined (Roderick and
Banaszak, 1986), indicating that the location of the coenzyme binding site and the
catalytically important amino acid residues remain similar in mitochondrial malate
dehydrogenase to that of cytosolic MDH and LDH isoenzymes.

The mechanism of substrate inhibition that occurs with pig heart cytosolic and
mitochondrial malate dehydrogenase is different from the lactate dehydrogenase from
chicken heart ( Berstein et al., 1978). The inhibitor constant for oxalacetate is 2.0 mM with
mitochondrial isoenzyme and 4.5 mM with the cytoplasmic isoenzyme. /n vivo
concentration of oxalacetate is 10 pM and so the substrate inhibiton may not be
significant under these conditions. m-MDH exhibits a complex regulatory pattern by citrate,
which activates and inhibits mitochondrial malate dehydrogenase in the same direction
(NAD* —¥ NADH), and in the same reaction medium, depending on malate concentration
(Gelpi et al., 1992). It waé also reported that pig heart citrate synthase and mitochondrial
malate dehydrogenase do exhibit electrostatic interactions, whereas no interaction is

observed between citrate synthase and cytosolic malate dehydrogenase from these
sources (Morgunov & Srere, 1998).

Aspartate amonotransferase:

Aspartate aminotransferase (AsAT; EC 2.6.1.1) is the most extensively studied vit
Bs- dependent enzyme (Snell and DiMari, 1970; Braunstein, 1973). It is widely distributed
and represents the most abundant of the transaminases in mammalian tissues. The
enzyme is implicated in maintaining the balance of the four metabolites which are its

substrates. It catalyses the transamination reaction representing key steps at the
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interconnection between the metabolic pathways of amino acids and dicarboxylic acids.
AsAT effects the reversible transfer of an amino group from L-aspartate or L-glutamate to
a-ketoglutarate and oxalacetate (Metzler and Snell, 1952). In double displacement
reaction, the coenzyme shuttles between the pyridoxal and pyridoxamine p-forms (Gehring
and Christen, 1978).

Two homologous genetically independent isoenzymes of AsAT have been found in
tissues of higher organisms in two distinct forms, one in the cytosol (c-AsAT) and the other
in the mitosol (M-AsAT). The isoenzyme of aspartate aminotransferase differ from one
another in chemical, physical, catalytic and immunologic properties (Fleisher et al., 1960;
Boyd, 1961; Jaussi et al., 1987; Nagashima et al., 1989). The existence of aspartate
aminotransferase isoenzymes has been confirmed in a wide variety of eukaryolic
organisms. Several authors have demonstrated (Fleisher et al., 1960; Borst and Poters,
1861; Martinez-Carrion et al., 1967; Banks et al., 1968; Bertland and Kaplan, 1970; Magee
and Phillips, 1971; Di Cola et al., 1976) the presence of two main classes of AsAT in
animal tissues, located in the mitochondria (m-AsAT) and in the soluble cell fraction (c-
AsAT), respectively, with different kinetic and structural properties. Furthermore, several
forms have been described for each AsAT iscenzyme and reported that chicken liver
contained only the cytoplasmic enzyme (Decker and Rau, 1963;Gil et al., 1987; Morino et
al., 1964; Yagi et al., 1979). However, other authors described later the presence of a
mitochondrial fraction containing AsAT activity in that tissue (Shrawder and Martinez-
Carrion, 1873; Elduque et al., 1982). Some altempts have been made to establish the
submitochondrial location of m-AsAT. According to several reports (Landriscina et al.,
1870) the enzyme is located exclusively in the mitochondrial matrix (mitosol), while other
authors suggest that it is partially bound to the inner side of the inner mitochondrial
membrane (Boyd, 1961; Eichel and Bukovsky, 1961; Bhargava and Sreenivasan, 1966;
Elduque et al, 1982). This is further supported by the finding that the disruption of
mitochondria by freeze-thawing or by treatment with high ionic strength buffers does not
result in the complete release of m-AsAT activity, which could be fully achieved only by
Triton X-100 treatment (Baumber and Doonan, 1976; Elduque et al., 1982). The mitosolic
location of chicken liver AsAT was also ascertained(Gil et al., 1987).

Aspartate aminotransferase isoezymes are well characterized from chicken and pig
heart. Borisov et af (1978} have studied thé three dimensional structure of c-AsAT from
chicken heart at 5 A° resolution and have reported that the enzyme molecule appears to
consists of two dense and closely packed subunits with a dimension of 40 A°x 48 A° x 60

25



A° each. Eichele et al (1979) have studied the crystal stucture of m-AsAT from the chicken
heart. In the electron density map, the enzyme is clearly seen as anisologous a, dimers
(105 A’ x 60 A”x 50 A%). The active sites are located in opposite sides of the dimer, about
30 A° apart and close to the inter-subunit boundary so that both the subunits can probably
contribute to each active site. X-ray diffraction studies at 2.8 A° resolution yielded the 3-D
structure of chicken m-AsAT. The subunits are rich in secondary structure and contain two
domains, one of which anchors the coenzyme pyridoxal-5’-phosphate (Ford et al., 1980).
The cytosolic aspartate aminotransferase from chicken liver also shows molecular
heterogeneity in polyacrylamide gel electrophoresis. The enzyme exists as various
molecular forms of increasing anodic mobilities with the a-form predominates and its
specific activity is the highest (Imperial et al., 1991). These isolated native molecular forms
of chicken liver c-AsAT give rise to two kinds of generation processes.

The crystal structure of the stable, closed complexes of chicken mitochondrial
aspartate amnotransferase with the natural substrate L-aspartate and L-glutamate have -
been resolved at 2.4 and 2.3 A° resolution, respectively (Malashkevich and Toney, 1993).
In both cases, clear electron density at the substrate-coenzyme binding site unequivocally
indicates the presence of a covalent intermediate. Crystalline enzyme has a much higher
affinity for keto-acid substrates compared to enzyme in solution. The increased affinity is
interpreted in terms of perturbation of the open/closed conformational equilibrium by the
crystal lattice with the closed form having greater affinity for substrates. Catalytic efficiency
of AsAT has been studied by Kohler et al (1994) in different mutants who have shown that
improved catalytic efficiency of c-AsAT V; 92 appears due to closure of the active site
upon substrate binding. The primary structure of cytosolic and mitochondrial AsAT of pig
heart has also been elucidated. The polypeptide chain of mitochondrial isoenzyme
contains 403 amino acid residues, which is 9 residues less than cytosolic form.

The mitochondrial isoenzyme is apparently a matrix bound and is encoded by
nuclear DNA (Van Heyningen et al.,1974). Mitochondrial and cytosolic AsAT are two
genetically independent isoenzymes that have been found in animal tissues and possibly
occur in all eukaryotic cells. Both isoenzymes are composed of two identical polypeptide
chains of about 400 amino acid residues and are encoded by nuclear DNA. The
mitochondrial isoenzyme is synthesized on free polysomes in the cytosol as a precursor of
higher molecular weight (Sonderegger et al., 1980) which is translocated post-
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translationally into the mitochondrial matrix. Organ- or tissue-specific forms have not been
detected for either isoenzyme (Wada and Morino, 1964; Shrawder and Martinez-Carrion,
1973; Behra et al., 1981).The essential features of catalytic mechanism of both the
isoenzymes are identical (Braunstein, 1973). A comparison of the amino acid sequence
data of the cytosolic and mitochondrial aspartate aminotransferase from pig heart clearly
indicates that these heterotropic isoenzymes are homologous proteins. A comparison of
the mitochondrial isoenzyme from two different species, that is, from chicken and pig
revealed a close interspecies homology, which appears to exceed the interspecies
homology, between the cytosolic and the mitochondrial isoenzymes. Only two amino acid
substitutions were found in the sequence of 40-NH; terminal amino acid residues.

The genes of mitochondrial and cyosolic aspartate aminotransferase of chicken
were cloned and sequenced. In both genes (Juretic et al., 1990), nine exons encode the
mature enzyme. The additional exon for the N-terminal presequence that directs
mitochondrial aspartate aminotransferase into the mitochondria is separated by the largest
intron from the rest of the gene. A comparison of the two genes of chicken with aspartate
_ aminotransferase genes of mouse entails closely similar structures; in the gene of both the
mitochondrial and the cytosolic isoenzyme all but one intron positions are conserved in the
two species and five introns out of nine are placed at the same positions in all four genes
indicating that the introns were in place before the genes of the two isoenzymes diverged.
It is proposed that the aspartate aminotransferase genes follow a course of evolution,
originating from a common ancestor which probably led to the conservation of certain
splicing factors specific for nuclear-encoded mitochondrial proteins.

The degree of structural similarity between the heart mitochondrial isoenzyme of
AsAT from pig and chicken was determined by means of their immunological cross-
reactivity and compared with the degree of similarity in the 6ytoso|ic isoenzyme from the
same species. Quantitative micro complement fixation revealed a remarkable similarity of
the two mitochondrial isoenzymes corresponding to an immunological distance of 104.
The structure of the two cytosolic isoenzymes, on the other hand, diverge with an
immunological distance of 203. Thus, a significant structural divergence of the cytosolic
isoenzymes appeared to contrast the conspicuous similarity between the mitochondrial
isoenzymes (Sonderegger et al., 1977). '
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Cytosolic and mitochondrial AsAT were purified to homogeneity from human heart
and shown to differ distinctly from each other in their structural, immunochemical and
kinetic properties. The human isoenzymes were very similar to the corresponding
isoenzymes from pig heart in their molecular weight, Michaelis constant (Km ), NHZ- and
COOH- terminal amino acid sequences. In electophoretic mobility, the human cytosolic
isoenzyme differs from the comresponding isoenzyme from the pig heart while no
significant difference was observed between the mitochondrial isoenzymes from the two
species (Boyd, 1961; Kagamiyama and Wada, 1975). Cytosolic and mitochondnal
isoenzymes of aspartate aminotransferase were also purified to homogeneity from rabbit
liver. The rabbit liver isoenzymes were closely similar to the comresponding isoenzymes
from other sources, including human heart, pig heart, chicken heart, and rat liver, in their
molecular weights, absorption spectra, amino acid compositions, isoelectric points, and
Michaelis constants for the substrates. The NH,-terminal amino acid sequences of rabbit
liver isoenzymes were identified up to 30 residues, and showed some differences from
those of the corresponding isoenzymes obtained from other animals studied (Kuramitsu et
al., 1985). Interspecies comparisons of aspartate aminotransferase was also determined
based on the amino acid composition. Subunit molecular weights of various aspartate
aminotransferase examined were found to be 46,000 with the exception to that of the E.
coli enzyme which is 42,700 (Doonan et al., 1981). Compositional difference indices were
calculated for pairs of AsAT where indices provide reliable estimates of amino acid
sequence differences for those pairs of isoenzymes whose primary structures are known.
Comparisons of compositional difference indices also suggested a similar rate of evolution

of cytosolic and mitochondrial AsAT throughout the history of the vertebrates examined.

Several workers (Fleisher et al., 1960; Boyd, 1961; Wada and Morino, 1964; Barra
et al., 1976) have purified both the cytosolic and mitochondrial isoenzymes of AsAT from
various tissues of mammals and have é.hown that, at a fixed concentration of L-aspartate,
the Kn, for a-ketoglutarate is much higher for mitochondrial than for the cytosolic enzyme.
The reverse applies to the K., for L-aspartate at a fixed concentration of a-ketoglutarate.
The mitochondrial isoenzyme is more susceptible to the inhibition of DL-glyceraldehyde-3-
phosphate than that of the cytosolic enzyme (Kopelovich et al., 1970). The inhibition of the
mitochondrial isoenzyme is competitive with respect to a-ketoglutarate and noncompetitive

with respect to L-aspartate. Aminooxyacetic acid and other aminooxyacetates are
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effective inhibitors of both ¢c- and m-AsAT (Braunstein, 1973; Rej, 1977). The inhibitory
effect of aminooxyacetic acid is shown to be more pronounced for c-AsAT.

Liver AsAT is responsible for the synthesis of glucose from non-carbohydrate
precursors (Lardy et al., 1965). Both the isoenzymes of ASAT are involved in the process
of gluconeogenesis. The specific activity of c-AsAT was also reported to be higher in the
adult as compared fo that of fetal liver (Nakata et al., 1964). Ferre and Williamson (1978)
observed that ihe inhibition of the activity of AsAT in the suckling new born rat causes a
decrease in the fevel of all the gluconeogenic precursors and accumulation of factate but
not pyruvate. On the basis of these observations, it has been suggested that the malate-
aspartate shuttle is fully operative in suckling rats during development. Although both the
isoenzymes of AsAT are involved in the process of gluconeogenesis, it is the cytosolic
isoenzyme which is regulated by dietary and hormonal treatments (Sheid and Roth, 1965).

Herzfeld and Greengard (1971) reported that the expression of AsAT during .
nomal development does not follow the same pattern in all the tissues of rat. In liver, the
beginning of rapid enzyme accumulation occurs shortly before birth and just after birth
there is a transient rise in the level of AsAT. The developmental formation of AsAT in heart
and kidney is gradual over the first few weeks of postnatal age. The beginning of rapid
AsAT accumulation in fetal liver coincides with the onset of thyroié and adrenocortical
secretions. They demonstrated that the hormones which modify the developmental
formation of an enzyme in one organ may have no effect or the opposite effect, on the
_ same enzyme in other tissues of the same animal. Evéh in the same tissue, the response
of the enzyme depends on the age, sex and physiological state of the animal.

Several physiological and biochemical changes occur during development,
growth, adulthood and senescence of an organism. Different metabolic events that occur
during early life of an organism might influence the later part of life span. To study the
activities of all the key enzymes of a particular metabolic pathway would provide a
complete profile of their biological function during development and aging. Earlier work on
the malate-aspartate shuttle has been done mostly on the mammalian system. However,
informations on the developmental and hormonal regulation in enzymes of avian malate-
aspartate shuttle are scanty. Keeping in view the importance of studying all the enzymes
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of a particular metabolic pathway and with emphasis on avian system, the work embodies
in this thesis is directed towards the following:-

1. Assessment of endogenous activily levels of malale-aspartate shuttle enzymes
in different tissues of chicken at various postnatal ages (day 0, 30 and 60) in order to find
out the changes, if any, in the activity which may predict tissue~ and age-specific
involvement of malate-aspartate shuitle enzymes in the early postnatal development of
chicken.

2. Effects of various hormones such as glucocorticoid and thyroid hormones on
the activity of shuttle enzymes in liver and kidney tissues of chicken at various postnatal
ages (day 0, 30 and 60) to find out the role of these hormones, if any, in regulating the
shuttle activity in a tissue- and age-specific manner.

3. Purification and characterization of one of the shufttle enzymes, that is, cytosolic
aspartate aminotransferase from two different ages (day 0 and 60) to determine

alterations if any in the physico-chemical and/or kinetic properties accompany this enzyme
during the course of development.
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EXPERIMENTAL PROCEDURES

MATERIALS

Animals:

Newly hatched male chickens, Rhode Island Red breed (RIR), identified by
vent sexing were purchased from nearby Kyrdemkulai farm, which is a Government of
Meghalaya undertaking. They were housed in the laboratory animal room with a 12 hr light
and maintained at 25 + 2°C temperature. Chickens were fed with a chick mash diet
purchased locally from Premier Hatchery Ltd., Shillong. It contained the usual supplement

of protein, mineral mixture, vitamin and antibiotics. They were fed with the above diet and
water ad libitum.

Biochemicals and reagents:

Triton X-100, Oxalacetate, NADH, a-Ketoglutarate, Malate dehydrogenase,
Aspartate, Coomassie brilliant blue, Bovine serum albumih, Tris (Hydroxy amino
methane), EDTA, Mercaptoethanol, ADP, Malate, Glutamate, Hydrocortisone,
Triiodothyronine were purchased from Sigma Chemical Company, USA.

Chromatography media and reagent for gel electrophoresis:
CM-Cellulose ion exchanger, Acrylamide, N'N' Methylene bis acrylamide,
NNN'N' Tetramethylene diamine, Ammonium persulphate, Bromophenol blue, Coomassie

brilliant blue R-250, Glycine, O-Dianisidine tetrazotized salt were also purchased from
Sigma Chemical Company, USA.

Other reagents and chemicals: .
NaCl, Sucrose, K ;HPO, KH,PO, Phosphoric acid, HCI, MgCl,, KCI,
Diethyl ether, Ethanol, Urea, (NH4).S0O4, NaOH, Sodium acetate, Acetic acid, Glycerol,

Methanol and all other chemicals were of analytical grade purchased from Sisco Res.
Lab., Hi-Media and Qualigens, India.
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Instrumentations:
pH measurements-
A control dynamics digital pH meter model APX 175 E/C was

routinely used for all pH measurements at room temperature after calibrating with standard
buffer tablets of pH 4, 7 and 9.2.

Absorbance measurements-

A Hitachi U-2000 double beam spectrophotometer was used for all
absorbance measurements in the visible and ultraviolet regoin using glass and quartz
cuvettes of 1 cm path length, respectively.

Centrifugation-

. All centrifugations were carried out in a Hitachi model Himac CR
2082, high speed refrigerated centrifuge at 4°C.

Homogenization-

Remi motor type RQ-127 A, HP 8, rpm 8000 (1.1 Amps, 220/230 V)
homogenizer fitted with a teflon pestle was routinely used. Glass homogenizing tubes (5-
50 ml) were used for homogenizing tissues.

Electrophoresis-

A Bio-Rad slab gel electrophoresis apparatus (Model 122/2.0) and
mini protean Il chamber was used for polyacrylamide gel electrophoresis.

Weighing balance-
Sartorius balance model 2434 (0.01 mg -160 g), model 2405 (0.001

mg -30 g) and an electronic top pan balance (0.01-600 g) were used for weighing
chemicais.

METHODS

Tissue preparation and extraction :
Chicken of various postnatal ages were sacrificed at 9:00 hr by decapitation.
Tissues (liver, kidney, heart and brain) were removed immediately and washed in ice cold

0.9 % NaCl. The adhering blood vessels were blotted dry on a filter paper and the tissues
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were stored at —80°C till further used. A 25% (w/v) homogenate of the tissues was

prepared in ice cold 0.25 M sucrose using a homogenizer fitted with a teflon pestle.

The homogenates were centrifuged for 10 min at 800 x g at 2°C to sediment nuclei
and cell debris. The resulting supernatant was further centrifuged for 40 min at 14,000 x g
at 2°C to sediment mitochondria. The supernatant thus obtained was used for the assay of
cytosolic aspartate aminotransferase (¢c-AsAT) and malate dehydrogenase (c-MDH). The
mitochondrial pellet was washed once and suspended in a solubilizing medium (10 mM
potassium phosphate buffer, pH 7.5/ 0.25 M sucrose / 0.5 % Triton X-100) to make a 10%
suspension. Various concentrations of phosphate pbuffer and Triton X-100 were used to
solubilize the mitochondrial AsAT before using the most effective one mentioned above.

For the assay of m-MDH, the mitochondrial pellets were suspended in 50 mM potassium
phosphate buffer, pH 7.5 containing 0.25 M sucrose that gave better assay for mMDH.
Assays for m-AsAT and m-MDH were performed within 3 hr of mitochondrial suspension.

Assay of malate dehydrogenase (MDH) isoenzymes:
Both the isoenzymes of MDH (c- & m-MDH) were assayed spectrophotometrically
according to the method of Kitto (1969). The method is based on the measurement of the

rate of oxidation of NADH (i.e., decrease in absorbance at 340 nm) in the presence of this
enzyme and its substrate (oxalacetate). The reaction occurs as follows:

MDH
Oxalacetate + NADH + H * < R Malate + NAD"

The rate of disappearance of NADH was measured at 340 nm in a
spectrophotometer using a cuvette of 1.0 cm light path. The final volume of the reaction
mixture was 3.0 ml which contained:

Potassium phosphate buffer, pH 7.5 - 100 mM
Oxalacetate - 0.5 mM
NADH _ - 014 mMm
Enzyme (suitably diluted) - 20 W

The reaction was initiated by the addition of oxalacetate. The decrease in

absorbance was recorded at 30 sec. intervals for 3 min and the enzyme activity was
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calculated from the initial rate of oxidation of NADH. The amount of enzyme used was
adjusted such that the decrease in the absorbance was met 0.10 per min. One unit of
MDH activity for both isoenzymes was defined as the amount which is required to oxidize
1 1 mole of NADH per min at 25°C. The specific activity was expressed as units per mg
protein.

Assay of aspartate aminotrasferase (AsAT)isoenzymes :

The acivity of both the isocenzymes of AsAT (c- & m-AsAT) was measured
according to the method of Karmen (1955) with certain modifications in the concentrations
of the substrates and co-factor (Herzfeld, 1971; Sharma & Patnaik, 1982). According to
.the method, the rate of oxalacetate formation is measured spectrophometrically in a

coupled reaction, catalyzed by malate dehydrogenase in the presence of NADH. The
reaction occurs as follows;

ASAT
Asp+a-KG —p Oxalacetate + Glutamate
MDH
Oxalacetate + NADH +H * +— Malate + NAD"*

For each mole of oxalacetate formed from aspartic acid , 1.0 mole of NADH is
oxidised in the coupled reaction. NADH has a characteristic absorption maxima at 340 nm
with an extinction coefficient of 6.22 X 10 ® / mole. The rate of disappearance of NADH
was measured at 340 nm using a cuvette of 1.0 cm light path. The final volume of the
reaction mixture was 3.0 ml which contained :

Potassium phosphate buffer, pH 7.5 - 100 mM
a-ketoglutarate - 6.00 mM
Malate dehydrogenase - 10 units
NADH - 0.14 mM
Enzyme (suitably diluted) - 20 ul
Aspartate ) - 75 mM

The reaction was initiated by the addition of aspartic acid to the experimental

cuvette and decrease in absorbance was recorded at 30 sec. intervals for 3 min. The
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linear decrease in absorbance per min was used for the calculation of the enzyme activity.

The enzyme was so diluted that the decrease in absorbance did not exeed 0.1 per min.

One unit of enzyme activity was taken as that amount which catalyzed the
conversion of one pmole of the substrate per min at 25 ° C. The specific activity was

expressed as units per mg protein.

Protein estimation :
Protein concentration of enzyme preparation was determined by the method of

Bradford (1976) using BSA as standard. The reagents and procedure were as follows.

Reagent A - Coomassie brilliant blue G-250 (0.2 g in 100 m! of 95 %
ethanol)
Reagent B - Phosphoric acid (85%)

Stock solution was prepared by mixing reagent A (50 ml) with reagent B (100 ml)
and then stored in a brown bottle at 4°C for further use.

Bradford working solution was prepared by diluting 15 ml of the stock solution to
100 mi with distilled water and filtered through Whatman No. 1 filter paper just before use.
The final concentration of the reagents was 0.01 % (w.v) Coomassie brilliant blue G-250,
4.7 % (v/v) phosphoric acid. 0.1 ml of each appropriately diluted protein sample was
added to 5 mi of Bradford working solution, mixed thoroughly with cyclomixer. After
incubating at room temperature (10-15 min), the intensity of colour was measured at 595
nm. Protein concentrations were determined using a computed standard curve prepared
by different concentrations of BSA (0.01 to 0.1 mg/ml).

Reconstitutibn of malate-aspartate shuttle :

For the reconstitution of malate-aspartate shuttle, the tissues were homogenized in
four volumes of homogenization buffer (50 mM Tris-HCI, pH 7.4/ 0.25 M mannitol / 1 mM
EDTA /2 mM MgCl,/ 30 mM B-mercaptoetﬁanol) and centrifuged at 800 x g for 10 min at
2°C to sediment nuclei. The supematant was further centrifuged at 14,000 x g for 30 min
to sediment mitochondria. The mitochondrial pellet was washed twice, suspended in

homogenization buffer, and used for the reconstitution assay. The post-mitochondrial
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supernatant was dialyzed for 18 hr at 4°C against 50 mM Tris-HCI buffer, pH 7.4
containing 1 mM EDTA, 2 mM MgCl, , and 30 mM B-mercaptoethanol. The dialyzed
cytosol was centrifuged at 14,000 x g for 30 min to remove traces of particulate materiais

and the resultant clear supematant was used for the reconstitution studies.

' Reconstitution assay was done according to the method of Cederbaum (1973) and
Dawson (1982) with some modifications of our own in the amount of protein taken and in
the final assay volume (Sharma et al., 1992). The reaction mixture (finat volume, 2.5 ml)
contained buffer incubation medium (300 mM mannitol / 10 mM Potassium phosphate
buffer, pH 7.4 / 10 mM Tris-HCI pH 7.4 / 10 mM KCI / 5 mM Mg Cl/ 2 mM ADP / 2 mM
aspartate), 2 mg cytosolic protein and 1mg mitochondrial protein. After setting the baseline
to zero, 50 ul of 7 mM NADH was added to the sample cuvette giving the absorbance of
0.70. The slow steady fall in absorbance was monitored for 2 min and then 50 ul of a
solution of 0.2 M each of L-malate and glutamate was added to both cuvettes. The
decrease in absorbance was followed upto 10 min.

Hormone treatments ;

Effects of hydrocortisone and triiodothyronine on the activity of AsAT and MDH
were studied in the liver and kidney of 0-, 30- and 60-day old male chicken. Different
doses and time durations have been used to check the optimal dose and time response.
Animals were grouped in two sets comprising of 4-5 chicks per set. The first set of chicks
were administered intraperitoneally (i.p.) with hormone suspending medium and served as
the control. The second set of animals were administered with suspended test hormones.
To avoid fluctuation which may arise due to circadian variations, hormone administrations

were done at a fixed time of day (09:00 hr) in all cases.

Hydrocortisone-

Out of various doses of hydrocortisone administered, a repeated dose of Img/ 100
g body weight was found to be most effective in regulating shuttle enzymes in the liver and
kidney of chicken. Finally, hydrocortisone (1 mg/ 100 g body weight) was administered in
a total volume of 0.3 ml normal saline (0.9% -NaCI) containing 10 % ethanol. Hormone was
administered three consecutive days at the same time. Chicks were sacrificed 6 hrs after

the final injection and tissues (liver and kidney) were removed and washed in normal
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saline, blotted dry and stored at —80°C. These tissues were later processed and assayed
for MDH and AsAT isoenzymes described under method.

Triiodothyronine-

Again, out of various doses of triiodothyronine administered, a repeated dose of 25
{g / 100 g body weight was found to be most effective. It was finally suspended in saline
(0.9 % NaCl) and 10 % ethanol mixture, were administered as a single dose (i.p.) in the
same pattemn as described for hydrocortisone in a total volume of 0.3 ml. Animals were
sacrificed 6 hrs after the final injection and tissues were similarly removed and stored at
—80 ° C and later used for assay of isoenzymes.

Purification of cytosolic aspartate aminotransferase (c-AsAT) :

Cytosolic aspartate aminotransferase was purified from immature (0-) and mature
(60-day) male chicken liver using Marra et al., (1977) procedure with some modifications

as described earlier (Sharma and Patnaik, 1982). All the steps unless mentioned
otherwise, were camied out at 4°C,

I- Crude extract

The livers were collected from 10-12 male RIR chicken of each age group. The
adhering blood vessels from the tissues were removed. A 25% (w/v) homogenate
of liver was made in 0.25 M sucrose using a glass homogenizer fitted with Teflon
pestle. Crude homogenate was centrifuged at 20,000 x g for 30 min. The pellet

was discarded and the resulting supernatant was used for further purification.

lI- Ammonium sulphate fractionation

Supernatant obtained from step | was brought to 40% ammonium sulphate
saturation through gradual addition of solid (NH4).SO,. The solution was slowly stirred for
1 hr and was then centrifuged at 10,000 x g for 10 min. The pellet was discarded.

The resulting supematant of the first (NH,),SQO, precipitation was brought to 80%
(NH4),SO4 saturation through a gradual addition of solid (NH4),SOs. After complete
solubilization of the added salt into the crude enzyme solution, the pH was maintained at
7.4 by addition of 1 N NaOH. The solution was stirred slowly for 12 hr with the help of a

magnetic stirrer. It was centrifuged at 20,000 x g for 30 min and the supematant was
discarded.

g
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lii- Dialysis
The final precipitate obtained from step |l was dissolved in a minimum volume of
0.02 M sodium acetate buffer, pH 5.4 and was dialyzed for 36 hr against the same acetate

buffer. Dialysate was then centrifuged at 10,000 x g for 30 min and pellet was discarded.

IV- CM-Cellulose chromatography

The clear supernatant from step IV was applied onto a column (1.6 x 14 cm) of
CM-Cellulose, which was pre-equilibrated with 0.02 M sodium acetate buffer, pH 7.5 at a
flow rate of 30 ml/hr. After application of the sample, the column was extensively washed
with 0.02 M acetate buffer pH 5.4. Subsequently, a linear gradient of sodium acetate buffer
(0.06-0.16 M) was applied with the help of a gradient mixture to elute the bound fractions.

The active peak fractions were collected, pooled and were concentrated by ammonium
sulphate fraction.

V- Ammonium Sulphate fractionation

The enzyme-rich fractions obtained after CM-Cellulose chromatography were
pooled together and were brought to 80% saturation by the addition of solid (NH4),SQa4.
The solution was stirred slowly for 12 hr and then centrifuged at 20,000 x g for 30 min. The
supernatant was discarded and the pellet was dissolved in a minimum volume of 0.02 M
sodium acetate buffer pH 5.4. This preparation was further dialyzed for 24 hr to remove
the salt present with purified enzyme. The sample was then centrifuged at 10,000 x g for

30 min and the clear supermatant was used as the source of purified enzyme for the kinetic
and other analysis.

Polyacrylamide gel electrophoresis of purified ¢-AsAT :

Native polyacryamide gel electrophoresis (Native-PAGE) of the purified c-AsAT
from the liver of 0- and 60-day old chicken was performed according to the method of
Davis (1964) with slight modification. A 7.5% slab gel was prepared by taking : 2.5 ml of
acrylamide / bisacrylamide solution / 3.73 ml of 1.0 M Tris buffer (pH 8.8) / 3.70 mi of
distilled water / 0.033 mil of ammonium per éulphate(APS) (freshly prepared).

Prior to addition of APS, gel solution was degassed for 15 min under vacuum and

was immediately casted into slab plates fitted with spacers, sealed at both sides and lower
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ends. The gel was allowed to polymerize and then pre-run for 15 min at 12 mA. Purified
enzyme preparation (50 ug) from both the ages of chicken were mixed with assay buffer,
glycerol (10%) and bromophenol blue (0.1%). 20-40 ul of this preparation was carefully
applied with the help of micro syringe onto gel lanes and electrophoresed for 30-40 min at
24 mA in the cold. Subsequently, one set of gel was removed, washed in distilled water
and stained with 0.5 % Coomassie brilliant blue R-250 (prepared in 30 % methano! and
acetic acid) for 30 min. Background stain was removed by immersing the gel in destaining
solution (20% methanol and 7% acetic acid).

The other sets of gel, after electrophoresis, were processed for specific staining of
c-AsAT according to the méthod of Doonan (1981) with certain modifications. The staining
mixture contained L-aspartic acid (15 mM), - a-ketoglutarate (6.8 mM), and Tris (100
mM; pH 7.5). Prior to use, O-Dianisidine-tetrazotized (Fast Blue B sait) was added to a
final concentration of 10 mM and the staining mixture was stirred vigorously. The mixture
was poured onto slab gel and the enzyme activity band appeared as a violet colour within
a short span of time. The staining mixture was then decanted and the gels were washed
thoroughly to avoid any further development of background colour. These gels were stored
overnight in a solution of distilled water, methanol and acetic acid in the ratio of 5:3:1 (v/v)
and subsequently photographed.

Kinetic studies :
The kinetic studies for both the immature and mature liver c-AsAT male chicken
were carried out using purified enzyme.

Effect of [l -aspartate] and [a-ketoglutarate] on purified c-AsSAT-

The activity of purified c-AsAT from the liver of immature and mature chicken was
measured at various concentrations of L-aspartate (0-100 mM) and a-ketoglutarate (0.01-
10 mM) in separate sets of experiments. The values of K, for both substrates were

determined by Michaelis-Menten and Lineweaver-Burk plots of data using Sigma enzfitter
programme (Perella, 1988).

Effect of [Amino-oxyacetic acid] on ¢c-AsAT-
The effect of aminooxyacetic acid (AoAA) on the activity of purified c-AsAT from
the liver of immature and mature chicken was studied by using various cocncentrations (0-
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0.2 mM) of amino-oxyacetic acid at two different fixed concentrations of L-aspartate (10
and 40 mM) and a-ketoglutarate (1 and 2 mM). The K values were determined by Dixon's
plot of the data using enzfitter programme.

Effect of urea on c-AsAT-

Using varying concentrations (0.01-8 M) of urea as denaturant in potassium
phosphate buffer, pH 7.5, the activities of purified c-AsAT from the two different ages (0-
day and 60-day) were studied. The enzyme samples were incubated for 30 min at these
concentrations of urea, while the other conditions of assay remained the same. The results

similarly expressed as percentage activity retained in presence of specific urea
concentration taking no urea as 100%.
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REesuLts

The results are represented in the tables which contain the mean values,
standard deviation of the mean, level of significance and also the percent increase or
decrease between two sets of the data. The results are also represented in figures for
clarity. Only the salient features and not the detailed description of the data are
mentioned here. The activities of both the isoenzymes of malate dehydrogenase (c- and
m-MDH) and aspartate aminotransferase (c- and m-AsAT) have been expressed as
Units per mg protein in the tables as well as in the figures. Activities of malate-aspartate
shuttle enzymes and the shuttle activity were measured primarily in the early postnatal
development of chicken. Hormonal studies were also performed with the same ages.
The kinetic characterization of cytosolic ASAT was from the liver of 0- and60-day old
chicken in order to find the difference, if any, in the physicochemical and kinetic
properties of this isoenzyme at these ages of chicken. |

Normal endogenous activity of malate-aspartate shuttle iscenzymes in
different tissues of male chicken at various postnatal ages:

Malate dehydrogenase (MDH)

Specific activity (Units per mg - protein) of cytosolic malate dehydrogenase (c-MDH) is
significantly higher in the liver of chicken at day 30 as compared to day 0 (+53%) and
day 60 (+38%) (Fig. 1; Table 1). Mitochondrial (m-) MDH, however, does not exhibit any
significant change in the liver upto day 30 (Table1) and declines significantly (-51%) at
day 60 (Fig. 1; Table 1). In kidney, both c- and m-MDH show (Fig. 2; Table 1) a
significantly lower activity at day 0 and increase sharply at day 30 (8-fold and 4-fold,
respectively) and at day 60 (+35;Vo and +14%, respectively). In the heart, c- MDH show a
slightly lower activity at day 0 (Table 2) and increases gradually at day 30 (2-fold) and at
day 60 (4-fold) (Fig. 3; -Table 2). However, m-MDH does not exhibit any significant
change with only a slight increase at day 30 but remained unchanged thereafter (Fig. 3;
Table 2). Specific activity of MDH isoenzymes, however, does not exhibit any significant
change in the chicken brain(Fig. 4; Table 2). From the activity expression pattern, it is
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Figure1. Activity of malate dehydrogenase (MDH) isoenzymes
cytosolic(A) and mitochondrial(B) in the liver of male chicken of different
postnatal ages. Values are means for 4-5 chlcks in each age group. Bars
represent standard deviation.
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Figure2. Aclivity of malate dehydrcgenase (MDH) isoenzymes
cytosolic(A) and mitochondrial(B) in the kidney of male chicken of different

posinatal ages. Values are means for 4-5 chicks in each age group. Bars
represent standard deviation.
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Figure 3. Activity of malate dehydrogenase (MDH) isoenzymes
cytosolic(A) and mitochondrial(B) in the heart of normal male chicken of different
postnatal ages. Values are means for 4-5 chicks in each age group. Bars
represent standard deviation.
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Figure 4. Activity of malate dehydrogenase (MDH) isoenzymes
cytosolic(A) and mitochondrial(B) in the brain of male chicken of different
postnatal ages. Values are means for 4-5 chicks in each age group. Bars
represent standard deviation.
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Figure 5. Aclivity of aspartate aminotransferase (AsAT) isoenzymes
cytosolic (A) and mitochondrial (B) in the liver of male chicken of different

postnatal ages. Values are means for 4-5 chicks in each age group. Bars
represent standard deviation.
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Figure 6. Activity of aspartate aminotransferase. (AsAT) isoenzymes
cytosolic(A) and mitochondrial(B) in the kidney of male chicken of different
postnatal ages. Values are means for 4-5 chicks in each age group. Bars
represent standard deviation.
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Figure 7.  Activity of aspartate aminotransferase (AsAT) isoenzymes
cytosolic(A) and mitochondrial(B) in the heart of male chicken of different
postnatal ages. Values are means for 4-5 chicks in each age group. Bars
represent standard deviation.
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Table 1. Activities (U/mg protein) of malate dehydrogenase isoenzymes (cytosolic
and mitochondrial) in the liver and kidney of male chicken of various postnatal ages.

Tissue | Age Cytosolic Mitochondrial
(days)
Mean | SD | »p Mean | SD | P
0 34.013 1.96 0.526 0.095
Liver 30 52.125 0.927 <0.001 0.501 0.039 NS
60 37.729 0.45 <0.001 0.247 0.022 <0.001
0 6.658 0.197 0.297 0.025
Kidney 30 63.192 0.940 <0.001 1.534 0.417 <0.001
60 85645  1.178 <0.001 1.752 0.046 NS
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Table 2. Activities (U/mg protein) of malate dehydrogenase isoenzymes(cytosolic
and mitochondrial) in the heart and brain of male chicken of various postnatal ages.

Tissue | Age Cytosolic Mitochondrial
(days)
Mean | SD | p | Mean | sD | P

0 1.084 - 0.045 0.484 0.081

Heart 30 2.184 0.117 <0.001 0.752 0.093 <0.05
60 4.746 0.510 <0.001 0.553 0.078 <0.01
0 0.916 0.0105 0.799 0.0102

Brain 30 0.927 0.011 NS 0.869 0.026 NS
60 0.882 0.016 NS 0.771 0.027 NS
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Table 3. Activities (U/mg protein) of aspartate aminotransferase isoenzymes
(cytosolic and mitochondrial) in the liver and kidney of male chicken of various postnatal

ages.
Tissue | Age Cytosolic Mitochondrial
(days)
Mean | SD | p Mean|  SD | P
0 0.268 0.029 0.194 0.039
Liver 30 6.527 0.152 <0.001 0.544 0.016 . <0.001

60 1.249 0.329 <0.001 0.217 0.037 <0.001
0- 0.079 0.066 0.069 0.005

Kidney 30 11.049 0.919 <0.001 0.509 0.099 0.001
60 6.904 1.410 <0.01 0.281 0.041 <0.01
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Table 4. Activities (U/mg protein) of aspartate aminotransferase isoenzymes
(cytosolic and mitochondrial) in the heart and brain of male chicken of various postnatal

ages.
Tissue | Age Cytosclic Mitochendrial
(days) A .
Mean | SD p Mean | SD P
0 - 0974 0.077 0.713 0.088
Heart 30 1.847 0.294 <0.01 0.402 0.054 <0.01
60 1.947 0.047 NS 0.318 0.025 NS
0 0.791 0.079 - 0121 0.026
Brain 30 0.459 0.062 <0.001 0.078 0.009 NS
60 0.475 0.059 NS 0.073 0.008 NS

53




clearly observed that the level of cytosolic MDH is significantly higher as compared to

mitochondrial MDH in all tissues at different postnatal ages studied.

Aspariate aminotransferase (ASAT)

Specific activities (Units per mg protein) of cytosolic aspartate aminotransferase (c-AsAT)
are significantly higher at day 30 in liver, kidney and heart tissues of male chicken as
compared to day 0 and day 60 (Table 3 & 4). In the brain, however, this isoenzyme shows a
higher specific activity at day 0 and decrease significantly at day 30 while remains
unchanged thereafter. The mitochondrial aspartate aminotransferase (m-AsAT), on the
_ other hand, shows a significant increase in activity at day 30 in the liver (Fig. 5) and kidney
tissues (Fig. 6) as compared to day 0 and 60, whereas a slight decrease at day 30 of heart
and brain tissues studied (Fig. 7 & 8, respectively). From all the tissues studied, data exhibit
a significantly higher activity of cytosolic AsAT as compared to mitochondrial AsAT at all the
postnatal ages as observed in case of MDH isoenzymes.

Hormonal regulation of malate-aspartate shuttle enzymes :

Effects of hydrocortisone (HC) and triiodothyronine (T3)

The effects of hydrocortisone (HC) and triiodothyronine (T3) were studied on the activity of
the shuttle enzymes in the liver and kidney of chicken at three different postnatal ages (0-,
30- and 60-day) in order to understand the involvement of these hormones in regulating the
levels of the enzymes of this shuttle. Maximum response of the shuttle isoenzyme was
obtained with a repeated dose of 1 mg per 100 g body weight of hydrocortisone and 25 pg
per 100 g body weight of trilodothyronine for three days, respectively.

Hydrocortisone administration causes a significant increase in the activity (Units per
mg protein) of c-MDH in the liver of chicken at day 30 (+23%) and day 60 (+32%) (Fig. 9;
Table 5) while it increases significantly the mitochondrial MDH at day O (+141%)in the liver
(Fig. 10; Table 5) In kidney it does not influence the c-MDH activity (Fig. 11; Table 6). The
activity level of mitochondrial MDH, howeQer, increases significantly at day 30 (+102%) in
kidney (Fig. 12; Table 6). On the other hand, administration of hydrocortisone does not

show any influence on the cytosolic and mitochondrial aspartate aminotransferase in either
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Figure 9. Effects of hydrocortisone (HC) and Triodothyronine (T3) on the
activity of cytosolic malate dehydrogenase isoenzyme in the liver of male chicken of
different postnatal ages. Hormone treatments and other experimental conditions are
descrnibed in methods section. Values are mean for 4-5 chicks of each age group.
Bars represent standard deviation. Asterisks (% ) exhibit statistically significant
values as compared to control
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Figure 10. Effects of hydrocortisone (HC) and Triodothyronine (T3) on the
activity of mitochondrial malate dehydrogenase isoenzyme in the liver of male
chicken of different postnatal ages. Homone treatments and other experimental
conditions are described in methods section. Values are mean for 4-5 chicks of each
age group. Bars represent standard deviation. Astensks (¢ ) exhibit statistically
significant values as compared to control.



Table 5. Effects of hydrocortisone (HC) and triiodothyronine (Ts) on the activity

(U/mg protein) of malate dehydrogenase isoenzymes in the liver of male chicken of different

postnatal ages.

0- DAY 30- DAY 60- DAY
M
D | Treated | Mean sSD p % Mean SD p % Mean sSD p %
H
Normal 34.01 1.96 52.13 0.93 37.73 0.45
NS <0.001 +23 <0.001 +32
[ HC 39.96 234 64.18 149 49.98 0.58
) <0.001 +60 . NS <0.001 +87
Ta 54.72 0.68 57.81 158 70.58 276
Normal 0.53 0.09 0.50 0.04 0.25 0.02
<0.01 +1441 NS NS
m HC 127 0.34 0.58 0.01 0.29 0.008
NS <0.001 +88 <0.001 +87
T, 0.55 0.04 0.94 0.02 0.486 0.004
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Figure 11. Effects of hydrocortisone (HC) and Triiodothyronine (T3) on the
activity of cytosolic malate dehydrogenase isoenzyme in the kidney of male chicken
of different postnatal ages. Hormone treatments and other experimental conditions
are described in methods section. Values are mean for 4-5 chicks of each age
group. Bars represent standard deviation. Asterisks (% ) exhibit statistically
significant values as compared to control.
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Figure 12. Effects of hydrocoitisone (HC) and Triiodothyronine (T3) on the
activity of mitochondrial malate dehydrogenase isoenzyme in the kidney of male
chicken of different postnatal ages. Homone treatments and other experimental
conditions are described in methods section. Values are mean for 4-5 chicks of each
age group. Bars represent standard deviation. Asterisks ( ¥ ) exhibit statistically
significant values as compared to control.
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Table 6. Effects of hydrocortisone (HC) and triiodothyronine (T.) on the activity

(U/mg protein) of malate dehydrogenase isoenzymes in the kidney of male chicken of

different postnatal ages.

0 -Day 30 Day 60 -Day
M “- {
D | Treated | Mean | SD P Mean | SD p % | Mean ; SD p %
H H
Nomai 6.658 0.18 63.19 0.%4 85.65 1a7
NS NS
c HC 6.721 0.80 64.89 1.76 NS 93.88 0.8
NS NS <0,001 +20
Ts 8,871 0.31 64,93 1.74 103.4 0.73
Nomal 0.297 0.03 1.53 042 1,752 0.046
NS <0,0% +102 NS
m HC 0,319 0.02 3.09 0.38 1.776 0.049
NS <002  +80 <0.001 *37
Th 0.288 0.01 277 0.43 2414 0.043
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Figure 13.  Effects of hydrocortisone (HC) and Triiodothyronine (T3) on the activity
of cytosolic aspartate aminotransferase isoenzyme in the liver of male chicken of different
postnatal ages. Hormone treatments and other expenmental conditions are described in
methods section. Values are mean for 4-5 chicks of each age group. Bars represent
standard deviation.
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Figure 14.  Effects of hydrocortisone (HC) and Triiodothyronine (T5) on the activity
of mitochondrial aspartate aminotransferase isoenzyme in the liver of male chicken of
different postnatal ages. Hormone treatments and other experimental conditions are
described in methods section. Values are mean for 4-5 chicks of each age group. Bars
represent standard deviation. Asterisks (§ ) exhibit statistically significant values as
compared to control.
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Table 7. Effects of hydrocortisone (HC) and triiodothyronine (T) on the activity
(U/mg protein) of aspanate aminotransfearse isoenzymes in the liver of maie chicken of

different postnatai ages.

0 -Day 30 -Day 60 -Day
As i
A | Treated | Mean Sd p 1 % Mean Sd p Mean { Sd P %
T i
Normal 0.268 0.03 6.53 0.15 1.25 0,33
NS NS NS
c HC 0.248 64 575 0.53 1.15 0,08
NS NS NS
Ty 0.271 e10)) 7.03 0.08 1.38 0.14
Normad 0.194 0.04 0.54 0.02 0.22 Q.04
NS NS NS
m HC 0.185 0.02 0.57 0.03 024 0.006
<0.001 +69 NS <Q.001 +93
Ts 0.328 0.02 052 0.05 0.43 0.001
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Figure 15.  Effects of hydrocortisone (HC) and Triiodothyronine (T;) on the activity
of cytosolic aspartate aminotransferase isoenzyme in the kidney of maile chicken aof different
postnatal ages. Hormone treatments and other experimental conditions are described in

methods section. Values are mean for 4-5 chicks of each age group. Bars represent
standard deviation.
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Figure 16.  Effects of hydrocortisone (HC) and Triiodothyronine (T5) on the activity
of mitochondrial aspartate aminotransferase isoenzyme in the kidney of male chicken of
different postnatal ages. Hormone treatments and other experimental conditions are
described in methods section. Values are mean for 4-5 chicks of each age group. Bars
represent standard deviation.
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Table 8. Effects of hydrocortisone (HC) and triiodothyronine (Ts) on the activity
(U/mg protein) of asparate aminotransferase isoenzymes in the kidney of male chicken of
different postnatal ages.

0 -Day 30 Day 60 -Day
As
AT | Treated | Mean Sd p % Mean Sd P % Mean Sd p %
Normal 0.079 0.07 11.05 0.92 6.9 1.41
NS
c HC 0.082 0.02 1068 052 NS 707 0.25 NS
NS NS
Ty 0.091 0.04 11.21 1.24 772 0.419 NS
Normal 0.069 0.005 0.51 0.09 0.28 0.041
NS NS NS
m HC 0.112 0.01 049 038 0.29 0.026
NS NS NS
Ts 0.107 0.008 0.66 0.04 0.33 0.025
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the liver (Fig. 13 & 14; Table 7) or kidney (Fig. 15 & 16; Table 8) tissues at any of the
postnatal ages studied.

Effects of triiodothyronine were also studied on the activities of MDH and AsAT
isoenzymes in the liver and kidney of chicken at three different postnatal ages (0, 30,
and 60 day). Administration of triiodothyronine significantly increases the activity of
cMDH in the liver at 0 day (+60%) and at 60 day (+87%) whereas, it increases
significantly the m-MDH at day 30 (+88%) and day 60 (+87%) of liver (Fig. 9 & 10; Table
5). The activity of c-MDH , however, is moderately influenced by triiodothyronine in the
kidney only at day 60, whereas, it increases m-MDH activity significantly at day 30
(+80%) and day 60 (+37%), respectively (Fig. 11 & 12; Table 6). This hormone,
however, does not induce c-AsAT in both the liver and kidney tissues at these postnatal
ages. However, it increases m-AsAT of liver at day O (+69%) and day 60 (+98%) only
with no significant change in the kidney isoenzyme at any of the postnatal ages studied
(Fig. 13 ~16; Table 7 & 8).

Reconstitution of malate-aspartate shuttle:

In order to confirm the differential expression of malate — aspartate shuttle
enzymes in the liver and kidney of chicken, the shuttle activity in a reconstituted system
was studied. Reconstitution of the malate-aspartate shuttile showed a higher activity
(oxidation of NADH as measured by decrease in absorbance at 340 nm) in the liver of
30-day-old chicken compared with that of 0-day-old chicks (Fig. 17). The reconstituted
shuttle also showed a notably higher activity in the kidney of 30-day-old chicken as well
(Fig. 18).This clearly indicates a greater activity of malate-aspartate shuttle and its
enzymes at day 30 in both the liver and kidney tissues of chicken.

Reconstituted shuttle activity was also studied from hormone treated chicken to
confirm the induction and regulation of the shuttle enzymes by such treatments.
Reconstituted malate-aspartate shuttle showed a higher activity in T; treated chicken as
compared with that of control untreated male chicken at both the ages studied (Fig. 19 &
20). Similar results were also obtained from the kidney of T, treated and untreated
control chicken of day 0 and 30 (Fig. 21 & 22).
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Figure 17.  Oxidation of NADH by reconstituted malate-aspartate shuttle from the liver
of male chicken. Equal amounts of dialysed clear cytosol (2 mg protein) and mitochondria (1 mg
protein) from both the ages (0- and 30-day) were used for the reconstitution assay. Details of the
experimental procedures are given in methods section. The traces depict the change in
absorbance at 340 nm with the passage of time.
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Figure 18.  Oxidation of NADH by reconstituted malate-aspartate shuttle from the
kidney of male chicken. Equal amounts of dialysed clear cytosol (2 mg protein) and mitochondria
(1 mg protein) from both the ages (0- and 30-day) were used for the reconstitution assay. Details
of the experimental procedures are given in methods section. The traces depict the change in
absorbance at 340 nm with the passage of time.
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Figure 19.  Oxidation of NADH by reconstituted malate-aspartate shuttle from the liver
of control and Ts treated 0~day old male chicken. Equal amounts of dialysed clear cytosol (2 mg
protein) and mitochondria (1 mg protein) from both the control and T3 treated 0-day old male
chicken were used for both the reconstitution assay. Details of hormone treatment and other
experimental procedures are given in methods section. The traces depict the change in
absorbance at 340 nm with the passage of time.
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Figure 20.  Oxidation of NADH by reconstituted malate-aspartate shuttie from the liver
of control and T; treated 30-day old male chicken. Equal amounts of dialysed clear cytosol (2 mg
protein) and mitochondria (1 mg protein) from both the control and T3 treated 30-day old chicken
were used for the reconstitution assay. Details of the experimental conditions are same as given
for Figure 19. The traces depict the change in absorbance at 340 nm with the passage of time.
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Figure 21. Oxidation of NADH by reconstituted malate-aspartate shuttle from the
kidney of control and Ts treated 0-day old male chicken. Equal amounts of dialysed clear cytosol
(2 mg protein) and mitochondria (1 mg protein) from both the control and T3 treated 0-day old
male chicken were used for both the reconstitution assay. Details of hormone treatment and other
experimental procedures are given in methods section. The traces depict the change in
absorbance at 340 nm with the passage of time.
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Figure 22.  Oxidation of NADH by reconstituted malate-aspartate shuttle from the
kidney of control and T, treated 30-day old male chicken. Equal amount of dialysed clear cytosol
(2 mg protein) and mitochondria (1 mg protein) from both the control and T3 treated 30-day old
male chicken were used for the reconstitution assay. Details of the experimental conditions are
same as given for Figure 21. The traces depict the change in absorbance at 340 nm with the
passage of time.
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Isolation and purification of liver c-AsAT:

‘Using similar experimental conditions, one of the shuttle enzymes, that is, cytosolic
aspartate aminotransferase (c-AsAT) was isolated and purified from the liver of chicken of
two selected ages, 0 day - and 60 day old chicken. Table 9 and 10 represent the purification
protocol of c-AsAT from the liver of 0 day and 60 day old chicken, respectively. The degree
of purification achieved was 52- and 41-folds for 0 day and 60 day old, chicken. The yield of
purification was 34% and 28%, respectively for 0-and 60-day old chicken. The enzyme was
partially purified from the two ages in order to compare the chemical and kinetic properties
of this isoenzyme as a function of age. The elution profile of the specific activity of this
isoenzyme from the liver of 0 day and 60 day old chicken on CM-Cellulose column is

depicted in Fig. 23. c-AsAT isoenzyme from both the ages eluted at a similar ionic strength
of 0.11 M sodium acetate buffer.

Pélya crylamide gel electrophoreses (PAGE) of purified c-AsAT:

Using non-denaturing polyacrylamide slab gel of 7.5% crosslinking, the preparation
representing the 0-day and 60-day old chicken liver c-AsAT were electrophoresed. One haif
of the gel was stained for general protein by coomassie brilliant blue and the other half was
stained for the enzyme by specific staining of the gel..On the gel stained for general
proteins, one major and one or two minor bands could be localized in both the 0-day-old and
60-day-old chicken (Fig. 24 A). Simultaneous staining of the gel after electrophoresis on the
other half with specific staining, showed the presence of a single band, exhibiting c-AsAT
activity in case in both the ages of chicken (Fig. 24 B). These single bands on specific stain
for cAsAT of both the ages correspond with the major band on the gels stained for general
proteins. Hence, there is no difference in the rate of migration of this isoenzyme on the
acrylamide gel between the two age groups.

Kinetic properties of purified c-AsAT:
The c-AsAT activities of the purified preparation from the liver of two age groups (0-day-old
and 60-day-old) were studied at varying concentrations of substrates, that is, L-aspartate

and a-ketoglutarate using the normal assay procedure. Data obtained were analysed,

computed for Km, Vimax and Kea using the enzfitter programmes (Table 11). The figures were
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Table 9. Purification protocol of cytosolic aspartate aminotransferase (CASAT)

from the liver of 0-day old chicken.

Eractions Total Volume Total Activity Total Specific Purification Yield
{ml) {Units) protein{mg/ml) Activity fold (%)
g {Unit/mg
protein}
Supernatant
o 194'0'60 xg 85 470.28 1383.17 0.34 _ 100
First
ammonium
sulphate
fractionation 80 424.96 566.61 0.75 2.20 90
{40%)
Second 13 418.55 240.54 1.74 5.12 89
ammonium
sulphate
fractionation
(80%)
Dialysis 21 326.42 122.25 2.67 7.85 69
CM Cellulose 27 207.67 14.95 13.89 40.85 44
Third
ammonium
sulphate
fractionation 8 163.71 9.26 17.68 52.00 34
(80%) and
Dialysis
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Table 10. Purification protocol of cytosolic aspartate

(CASAT) from the liver of 60-day old chicken.

aminotransferase
Fractions Total Volume Total Activity Total Specific Purification Yield
(mi) {Unpits) protein{mg/mi) Activity fold (%)
(Unitimg
protein)
Supernatant, 85 535.19 1070.38 0.50 100
at 14,000 x g —-
First
arnmonium
sulphate
fractionation 81 449,69 569.23 0.79 1.58 84
(40%)
Second
ammonium’
suiphate
fractionation 14 398.05 219.92 1.81 3.62 74
(80%)
Dialysis 23 354.04 123.36 2.87 574 66
CM Cellulose 26 178.74 10.58 16.89 33.78 33
Third
ammonium
sulphate
fractionation 8 151.02 7.45 20.28 40.56 28
(80%) and
Dialysis
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Figure 23. Elution profile of cytosolic aspartate aminotransferase (CAsAT) from
the liver of O0-day and 60-day old chicken through CM-Cellulose ion exchange. Details of
experimental conditions are described in method section. cASAT was eluted applying
linear gradient of sodium acetate buffer (0.06-0.16 M).
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General Specific

Figure 24. Polyacrylamide gel electrophoreses of purified
c-AsAT from the liver of 0-day and 60-day old male chicken.

A. General protein stain using Coomassie brilliant blue (R-250).

B. Specific stain for c-AsAT as detailed in method section.
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* drawn using Michaelis-Menten equation and the Lineweaver-Burk transformation -for the

same.

Effect of [L-aspartate] on purified c-AsAT:

Fig. 25 (A&B) and 26 (A&B) show the Michaelis-Menten and Lineweaver-Burk plots of the
data for the effect of [L-aspartate] on the activity of purified c-AsAT from th'e liver of O-day
and 60-day old chicken. The Kn vaiues of liver c-AsAT for L-aspartic acid are 4.59 mM and
4.90 mM for O-day and 60-day old chicken, respectively (Table 11) indicating no significant
difference between the K, values for [L-aspartate] at these ages of chicken. The V. and
Kea values of the isoenzyme are 0.125 pmol/min and 0.129 sec™ for 0-day-old and 0.126
umol/min and 0.13 sec™ for 60-day-old respectively. These values indicate no significant
difference in tumover rates compared between the two ages (Fig. 25 A&B and 26 A&B).

Effect of a-ketoglutarate on purified c-AsAT:

Fig. 27 (A&B) and 28 (A&B) exhibit the Michaelis-Menten and Lineweaver-burk plots of the
data for the effect of [a-ketoglutarate] on the activity of c-AsAT from the liver of 0-day and
60-day old chicken. The K, values of liver c-AsAT for a-ketoglutarate are 0.268 mM and
0.275 mM for O day and 60 day old chicken, respectively (Table 11). It indicates no notable
difference between the K, values for [a-ketoglutarate] in both the ages studied. The V,.cand
Kea values of the enzyme are 0.12 umol/min and 0.127 sec™ for 0-day and 0.124 pmol/rﬁin
and 0.13 sec” for 60-day, indicating no marked differences in turnover rates between the
two ages (Fig. 25 A&B and 26 A&B).

Effect of [amino-oxyacetic acid] on purified c-AsAT:

Figures 29 and 30 show the Dixon’s plots of the data for the effect of aminooxyacetic acid
(AOAA) on the activity of purified c-AsAT from the liver of 0-day and 60-day old chicken
respectively, at two different concentrations of L-aspartate (10 mM & 40 mM) and a-
. ketoglutarate (1 miM & 2 mM). Table 12 shows the K values of liver c-AsAT for AOAA with
respectto L-aspartate and a-ketoglutarate from both the ages of chicken. These values
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Figure 26 (B). Lineweaver-Burk plot of the same.
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ketoglutarate as variable substrate. Data are computed and drawn using enzfitter
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Table 11. Kinetic data of purified cytosolic aspartate aminotransferase from two
different ages.

AGE (Days) | PARAMETERS | ASPARTATE a-KETOGLUTARATE
(substrate) (substrate)
Km 4.590 0.268
(mM)
0 Vinax 0.125 0.120
(umole/min)
Keat 0.129 0.127
(sec™)
Km 4.900 0.275
(mM) |
60 Vmax 0.126 0.124
(pmole/min)
Keat 0.130 0.130
(sec™)
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Figure 30. Inhibition of cytosolic asparate aminotransferase from the

liver of 0-day and 60-day male chicken by ammooxyacehc acid with respect to a-

ketoglutarate. (DIXON'S PLOT)
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Table 12. Kinetic properties of purified cytosolic aspartate aminotransferase from two
different ages showing inhibition by aminooxyacetic acid (AoAA).

AGE (Days) | SUBSTRATES Kn(mM) Ki (kM)
L-aspartate 4.590 1.80
0
a -ketoglutarate 0.268 12.0
L-aspartate 4.9 2.0
60
a -ketoglutarate 0.275 10.0
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are 1.8 uM (for O-day old) and 2 uM (for 60-day old) with respect to L-aspartate and 12
UM (for 0-day old) and 10 uM (for 60-day old) with respecit to a-ketoglutarate.

Studies on urea denaturation of purified c-AsAT:

Comparisons of the result of inactivation studies using different concentrations of urea
on the purified liver c-AsAT of 0-day and 60-day old chicken were performed. c-AsAT
isoenzyfnes from both 0-day and 60-day old chicken achieved 50% inactivation (ICsg) at
2 M urea indicating that there is no apparent difference between the ages for urea
denaturation of CASAT(Fig. 31).
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urea. Values are expressed in per cent residual activity.
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DISCUSSION

Intricate regulatory mechanisms have evolved in living cells to control the
concentration of various enzymes that catalyze critical reactions. Enzymes are specific
proteins that catalyze chemical reactions in biological systems. Enzymes are the direct
phenotypic expression of their genes. The feature which characterizes all developing and
aging populations is the progressive development and gradual impairment in the ability fo
adapt to the environmental changes. Adaptation at the biochemical level can be attn‘Euted to
the alterations in the rates of synthesis and degradation of enzymes as well as changes in
physiological activities. During development and aging, different metabolic adjustments take

place as an adaptation in different tissues to the changing demands made upon them.

Several physiological and biochemical changes occur during development, growth,
adulthood and senescence of an organism. The development includes an increase in the
number and size of cells, their differentiation to perform specialized functions and formation
of organs. The metabolic events that occur during development might influence the later part
of life span. During development, several new proteins appear, indicating the expression of
their cognate genes. The level of proteins changes as cells differentiate and organs formed,
exhibiting changes in the expression of corresponding genes.

Study of all the enzymes of a particular metabolic pathway provides a complete
profile of the biological functions as a function of age. Considerable amount of literature has
developed concerning changes in enzyme level as a function of age and has been well
reviewed (Wilson, 1972; Sharma, 1988, 1994). Keeping in view the importance of studying
all the enzymes of a particular metabolic cycle, the work embodies in this thesis was
planned to study the developmental and hormonal regulation of malate aspartate shuttle
enzymes in different tissues of chicken during postnatal development. As there are set
differences in the metabolic requirement of different groups of organisms, it was important to
find out the malate aspartate shuttle regulation in chicken in order to compare and contrast
with mammalian malate-aspartate shuttle.

The most active NADH shuttle for the movement of reducing equivalents (in the form

of NADH) from the cytoplasm io the mitochondria in various tissues is the malate-aspartate
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shuttle (McDonald, 1983). The reducing equivalents of cytosolic NADH are first transferred
to cytosolic oxalacetate to yield malate by the action of cytosolic malate dehydrogenase (c-
MDH). The malate carrying reducing equivalents enters into mitochondrial matrix wherein it
transfers them to the matrix NAD" regenerating oxalacetate by the action of mitochondrial
malate dehydrogenase (m-MDH). The shuttle involves an influx of malate and glutamate
and an efflux of aspartate and a-ketoglutarate from the mitochondria. Oxalacetate is a
physiologically important intermediate of several metabolic pathways. These pathways may
either be catabolic (Krebs cycle) or anabolic (gluconeogenesis) in nature. Since oxalacetate
is impermeable to mitochondrial membrane, the malate-aspartate shuttle appears to be the

primary mode of clearance of NADH reducing equivalents from the cytosol to mitochondria
and vice-versa.

The enzymes of malate-aspartate shuttie are the malate dehydrogenase and the
aspartate aminotransferase constituting of two homologous and genetically independent
isoenzymes localized in the cytosol (¢-) and mitosol (m-) fraction of several animal tissues
(Boyd, 1961; Braunstein, 1973). The cytosolic isoenzymes of both MDH and AsAT are also
implicated in gluconeogenesis, since the former converts malate and the later aspartate to
oxalacetate, which is then converted to phosphoenolpyruvate. The functional significance of
malate-aspartaie shuttle aiso unfolds the degree of control points for glycolysis,
gluconeogenesis and Krebs cycle. Although gluconeogenic reactions are similar in all
organisms, the metaholic context and the regulations of the pathway differ from organism to
organism, and from tissue to tissue (Lehninger et al.,, 1993). The major gluconeogenic
precursor in chicken liver is lactate instead of pyruvate. The crucial gluconeogenic enzyme
phosphoenolpyruvate carboxykinase (PEPCK), found predominantly as a cytosolic enzyme
in rats and mice, is localized in mitochondria of chicken liver and kidney (Ogata et al., 1982).
Oxalacetate produced in mitochondria is converted directly to phosphoenoipyruvate (PEP)
by a mitochondrial PEPCK. The PEP is then transported out of mitochondria and serves
onto the gluconeogenic pathway. On the other hand, development encompasses
programmed processes which occur by sequential activation and repression of genes. The
programme of sequential activation and repression of genes, which are responsible for
differentiation and development may continue after maturity and regulate the form and
function of the organism. Enzymics are known {o constitute a regulatory mechanism which is
necessary to coordinate a complex series of reactions in the body. The internal milieu within
the cell may change during the course of development and aging; contiguous with this

change, the activities of several enzymes may alsc undergo physical or functional alteration.

91



Keeping in view the differences in metabolic make up in different groups of organisms, the
present thesis describes the regulatory changes in the enzymes of malate-aspartate shuttle
during postnatal development to get insight into such metabolic cycle as a function of age. In

order to study the regulatory changes in the shuttle, the findings are grouped as:

@ the endogenous activity levels of shuttie enzymes in different postnatal ages
and their tissue-specific pattemns.

(i) Regulation of shuttle enzymes by various hormones such as glucocorticoid
and thyroid hormone during postnatal development of chicken

(iii) Reconstitution studies of the malate-aspartate shuttle system to confirm the
endogenous level and hormonal regulation of enzymes, and

(iv) Chemical and kinetic properties of one of the shuttle isoenzymes (cytosolic

- aspartate aminotransferase) from the liver of two different ages (0- and 60-

day) to find out change, if any, in such propenties as a funtion of age.

Endogenous activities of malate-aspartate shuttle isoenzymes:

The activity of isoenzymes of malate dehydrogenase and aspartate
amiotransferase in the male chicken exhibited tissue specificity as well as age-
related changes. The activity (U/mg protein) was observed to be highest in the liver
and kidney followed by a lower activity in the heart and brain tissues. The high
activity of malate-aspartate shuttle enzymes in the liver and kidney tissue, compared
to others may be ascribed 1o the fact that liver and kidney metabolic functions
especially at these ages are not only dictated by local needs but also directed
towards the control of other systems, therefore requiring higher inputs. Secondly,
development and growth in general will require additional enhanced biosynthetic
turnover. In avian system, hatching is followed by a prodigious growth rate (30-50
times their hatching weight) which is not exhibited by any other class of vertebrates
and is induced and regulated by growth hormone (Ricklefs, 1983). Growth hormone
(GH) level which is highest between 4-8 weeks and decreases by the 12" week has
earlier been reported in chickens (Harvey et al., 1977,79). Fat levels are reported to
increase during the growth period in aves, but there are marked differences between
species. Greater activity of shuttle enzymes in the liver and kidney of chicken clearly
indicate the higher role of malate-aspartate shuttle in these tissues compared to

heart and brain tissues (Lyngdoh and Sharma, 2001). As compared to mammalian
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shuttle, the chicken shuttle enzymes exhibit lower activity, indicating lower role of this

shuttle in chicken for the transfer of reducing equivalents from the cytosol to
mitochondria .

The endogenous activities of isoenzymes of malate dehydrogenase and
aspartate aminotransferase show a significant change during postnatal development
of chicken. The activities of cytosolic malate dehydrogenase (c-MDH) was
significantly higher in the liver of day 30 as compared to day 0 and 60. In contrast,
mitochondrial malate dehydrogenase (m-MDH) activity was higher at day 0 and 30 in
the liver. However, both c- and m- MDH had significantly lower activities at day 0,
which increased sharply at day 30 and 60 in the kidney. It however, did not exhibit
any significant change in the heart and brain tissues at different postnatal ages
studied, except a graduai increase in the cMDH activity in the heart tissue only. On
the other hand, activity of both cytosolic and mitochondrial aspartate
aminotransferase (c- and m- AsAT) showed a peak value at day 30 in both the liver
and kidney. In the heart and brain, however, both the isoenzymes showed a steady
decrease during postnatal development except c-AsAT of heart which increased in
level at day 30 and 60 as compared to day 0. The higher level of cAsAT in the liver,
kidney and heart at day 30 may be correlated with a higher degree of transamination
during these phases in the life span of chicken. These findings indicate not much role
of this shuttle at day 0 and implicate the involvement of malate-aspartate shuttie at a
relatively advance age in the transfer of reducing equivalents to compensate the
metabolic demands in these tissues of growing chicken . MDH isoenzymes showed a
differential pattern of activity in the kidney as compared to liver at day 30 and 60 of
postnatal ages studied. This is in agreement with the previous report that kidney has
a unique role in gluconeogenesis in chicken (Watford et al., 1981). The MDH
isoenzymes also showed a pattern of activity expreséion like that of asparate
aminotransferase isoenzymes in all tissues studied. Earlier reports have shown that
the rates of the mitochondn‘alAand cytoplasmic enzyme must be equai for the steady
operation of this shuttle (Wiseman et al., 1991). Sharma et al., (1992) have also
reported an early expression of malate aspartate shuttle activity and its enzymes in
the liver of mice as compared to kidney. The findings on chicken shuttie enzymes ’
cormroborate the metabolic differences in the chicken as compared to rats and mice. It

also manifests an age- and tissue-specificity with respect to shuttle activity.
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Hormonal regulation of shuttle enzymes:

Alterations in the level of enzymes and their inducibility by certain hormones
are age -related phenomenon (Wilson, 1972; Adelman, 1975; Kanungo, 1980;
Sharma, 1988) Much interest focusing on the mechanisms of hormonal regulation
involving feedback control, synergistic, reciprocal interactions and cross-talk in signal
transduction appeared in recent reviews (Wada et al., 1990; Sharma, 1993). It must
be emphasized that a change in the activity cannot be directly equated with a change
in enzyme concentration and a number of other possible mechanisms exist to affect
enzyme induction and/or repression (Walker, 1983; Sharma, 1994). During
development, strong influence of growth hormones (GH) in aves has been well
established and reviewed (Scannes et al.,1984; Harvey, 1990). Further, in aves, it
has been shown that amongst the plethora of GH-responsive system, only changes
in endocrine function appear to provide inhibitory feedback in GH regulation. The
hormones involved are insulin, glucagon, corticosterone, somatostatin and

triiodothyronine, exhibiting either synergistic and/or antagonistic interaction (Wada et
al., 1990).

*The results on hormonal studies indicated that there exists differential
response to these hormones viv-a-vis age and tissue of chicken. At these ages (0-,
30- and 60-day) used in this study, avian tissues undergo marked growth spurt and
are under complex hormonal control, with many hormones influencing development
of different organs and tissues. The influence of GH, T, and steroid hormones in
avian development and the morphological changes have been well documented
(Freeman and Vince, 1974; Scannes et al., 1990; Harvey, 1990; Kuhn et al., 1991)
together with their combinational effects. Further, the role of hormones in controlling

growth and development and aiso in homeostasis has been envisaged (Scannes et
al., 1990).

Administration of hydrocortisone (HC) increases the activity. of c-MDH in the
liver of chicken at all ages studied and increases the activity of m-MDH only at day O
compared to other postnatal ages. The magnitude of increase of c-MDH at different
postnatal ages is variable indicating that glucocorticoids do play a role in the
regulation of this isoenzyme and the variability may be due to the endogenous level

of glucocorticoid receptors and/or post-receptor events at different postnatal ages
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(Bohme et al., 1986). It confirms earlier reports that injection of adrenal cortical
extracts resulted in retardation of growth in chicken embryo is dependent on the
stage of embryonic development. In kidney, however, hydrocortisone increased only
the activity of m-MDH at day 30 compared to other postnatal ages, corroborating
earlier reports in mammals that the same enzyme in different tissues of developing
animals might be regulated differentially by the same physiological stimuli.The
differentiai effect of hydrocortisone also takes place in different tissues of chicken
during development. The gene responsible for the synthesis of c- and m-MDH are
reported to be different (Whitt, 1970). The variation in inducibility may be due to
differential responsiveness of genes of c- and m-MDH isoenzymes towards
hydrocortisone. On the other hand, hydrocortisone administration does not seem to
be involved in the regulation of AsAT isoenzymes in liver and kidney of chicken at all
postnatal ages studied, indicating that AsAT may not be responsive to
glucocorticoids in chicken. This is in contrast to the glucocorticoid regulation of c-
AsAT in rats and mice (Sharma and Patnaik, 1982). It also refiects that the role of
glucocorticoid in avian and mammalian systems may be different due to variability in
their metabolic context (Lehninger, 1993). Non-inducibility of cAsAT isoenzyme by
hydrocortisone a gluconeogenic inducer, in chicken liver and kidney indicate that this
isoenzyme may not be involved in gluconeogenesis so much as in case of
mammalian system. In rats and mice, cAsAT is induced at the transcriptional ievel by
glucocorticoids as well as at enzyme level (Santa and Sharma, 1997). It is well

documented that major gluconeogenic precursor in chicken is the lactate and not the
pyruvate.

Thyroid and pituitary hormones are known to influence growth in chicken
(Scanes et al.,1983). However, there are variable reports on attempts to stimulate
growth in intact chicks with exogenous Ts or Ta. For instance, growth of broiler
chicken was not affected by T4 administration in the diet, while growth was
decreased by dietary T3 (May, 1980, 1982; Scanes et al., 1983). In addition, studies
made by feeding a dietary supplement of T; was observed to interact genotypicaily
and combination of T; and growth hormone exerts variable growth promoting effects
in different tissues (Marsh et al., 1984 a&b). Studies on growing broilers using long
term thyroid hormone supplement resulted in the decrease of both growth and fat
deposition, with T; being more effective than T, (Kuhn et al., 1991).

95



Results on the hormonal regulation by triodothyronine (Ts) of shuttie
enzymes demonstrate that T, increased the activity of both isoenzymes of MDH in
both the tissues studied at different postnatal ages of chicken. Our findings also
exhibit that the magnitude of increase in the activity of both isoenzymes of MDH is
significantly higher at day 30 and 60 as compared to day 0 in both liver and kidney.
This is in agreement with the earlier reports that the effects of thyroid hormones at
the cellular level are slow to occur in chicken at early stage of life span (Hazelwood,
1986). The effect, however, does not influence isoenzymes of AsAT in liver and
kidney except for an increase in m-AsAT level in 0-day and 60-day old chicken liver,
corroborating that both the isoenzymes of AsAT are also genetically independent
differing from one another even in different tissues for their response towards
triiodothyronine. These studies indicate that factors like hormones and their adaptive
responses to enzyme exhibit a tissue- and age-related patterns depending on the
metabolic state of the concerned tissue at that phase of organism’s life span.

Shuttle reconstitution studies:

In order fo confirm the differential expression of malate-aspariate
shuttle enzymes in the liver and kidney of chicken, the shuttle activity in a
reccnstituted system was studied. /n vifro reconstitution of malate-aspartate shuttle
showed a higher activity in the liver of 30-day old chicken compared with that in O-
day chicken. A similar pattern could also be seen in the kidney of 30-day old
compared to that in O-day chicks indicating that the shuttle activity corresponds
similarly to the expression of enzymatic activities in the liver and kidney of
developing chicken, exhibiting higher level at day 30 in both the tissues of chicken.
This also indicates that the role of this shuttle may be at a slower pace in 0-day old

chicks and boosts to a higher level during later part of postnatal development of
chicken.

The activity of malate-aspartate shuttle in the liver of 0-day and 30-
day old chicken also showed a higher activity in Ts-treated chicken as compared with
control, untreated chicken. An identical péttern was ailso seen in the kidney of O-day
and 30-day reconstituted system confirming that the shuttle activity is induced upon
Ts administration in parallel with induction of enzymatic activities by T; treatment

during postnatal development of chicken. These reconstitution studies confirm a
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similar pattern of endogenous and hormonel treated activities of malate-aspartate

shuttle enzymes in developing chicken in a similar way as seen in mice (Sharma et
al., 1992). ‘

Chemical and Kinetic properties:

In order to determine the change, if any, as a function of age in the
chemical and kinetic properties of one of the shuttle enzymes, cytosolic aspartate
aminotransferase was isolated and purified from the liver of chicken of two selected
postnatal ages. One of the age (0-day) was selected as immature and the other as
mature (60-day). The enzyme preparations from both the ages were passed through
the CM-Cellulose column. Elution profile of the specific activities of this isoenzyme
from the liver of two ages of chicken exhibited the requirement of the same ionic
strength (0.11 M) of sodium acetate buffer. This indicates that there is no difference
in the charge content of the enzyme molecule between the two different age groups.
The degree and the yield of purification achieved are approximately similar for both

the ages. It was further confimed by non-denaturing polyacrylamide gel
electrophoresis.

Using non-denaturing (Native) polyacrylamide slab gel of 7.5% cross-linking,
the preparation representing the immature (0-day) and mature (60-day) cytosolic
aspartate aminotransferase showed the presence of one major and one or two minor
bands in both the cases, when the gels were stained for general proteins. However,
when the gels were stained specifically for this enzyme, they showed the presence of
a single band for both the ages of chicken. Further, this band corresponds to the
major band obtained after staining for the general proteins. The mobility of this
enzyme of both 0- and 60-day old chicken on acrylamide gel is similar. These
observations also indicate that the net charges on the enzyme molecule of the liver
does not alter as a function of age of chicken. It also corroborates with the earlier
reports that the number of bands varied from tissue to tissue but the electrophoretic

mobilities of a given form in all tissues were analogous (Imperial et al., 1989).

Kinetic studies on the purified c-AsAT, of the liver of two age groups (0-day
and 60-day old) were carried out to elucidate kinetic changes, if any, which occurin

the active site of enzyme molecule as a function of age. Both the 0- and 60-day old
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chicken liver c-AsAT showed a hyperbolic curve when the velocity of cytosolic
aspartate aminotransferase reaction was plotted a'gain,st varying concentrations of
both the substrates, that is, L-aspartate and a-ketogliutarate by using enzfitter
programme (Perella, 1988). The figures were drawn using the Michaelis-Menten
equation and the insets of these figures were drawn using the Lineweaver-Burk
transformation. The plots indicate that these substrates do not exhibit allosteric
effects on the enzyme activity. Analysis of data indicates no significance difference
between the Kn, Vmax and Kea values of this enzyme for both the substrates in 0-day
and 60-day old chicken liver. Albeit, the Km values were higher for a-ketoglutarate
than for aspartate indicating that the affinity for L-aspartate is much more than for a-
ketoglutarate at either ages. The ¢c-AsAT from the liver of chicken of both the ages
are competitively inhibited by amino-oxyacetic acid (AcAA) with respect to L-
aspartate and non-competitively with respect to c—kétoglutarate. The K; values of this
enzyme for AoAA at 0- and 60-day old chicken are also similar. It is known that
AOAA inhibits c-AsAT competitively with respect to its amino acid substrate and
- noncompetitively with respect to its keto acid sustrate in various groups of animals
(Braunstein, 1973; Rej, 1977, Sharma and Patnaik, 1982). The aminotransferase
inhibitor, AOAA, completely inhibited gluconeogenesis from lactate in the perfused rat
liver and to a small extend in the perfused chicken liver. In chicken liver, the highest
rate of glucose production was seen with lactate, followed by fructose, pyruvate, and
glycerol (Sugano et éi., 1982). Excess cytosolic reducing equivalents generated by
the oxidation of lactate to pyruvate are transferred from the cytosol to the
mitochondria by the malate-aspartate shuttle. Amino-oxyacetic acid inhibits the

shuttle and, consequently, glucose synthesis for want of pyruvate (Ochs and Harris,
1980).

The kinetic parameters of a number of enzymes have been measured as a
function of age. Studies on pyruvate kinase (Chainy and Kanungo, 1978) of the
brain, myosin ATPase and aldolase of skeletal muscle, cytosolic alanine
aminotransferase of liver, cytosolic aspartate aminotransferase of rat liver (Sharma

and Patnaik, 1982) showed that, in general, there is no significant difference
~ between Km, Ki and molecular weight from young and old rats. Differences in the
kinetic parameters of enzymes seen in older animals may be due to post
translational modifications. This kinetic difference in the Vna and Kex has been

reported in immature and mature chicken liver inorganic pyrophosphatase (Syiem,
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1996). The kinetic differences in the catalytic efficiency of enzyme without affecting
the affinities for substrate have been attributed to adaptational significance

depending on the age-specific metabolic demand in animal’s tissues.

The present findings provide firm support to the view that the enzymes
synthesized in 60-day old chicken are structurally similar to those of 0-day old
chicken. Hence, the genes coding for these enzymes do not undergo any structural
alterations during such period of chicken’s life span. Therefore, the alterations in the
levels and differential induction of these enzymes that occur as a function of age may
be due to the changes in the template activities of the corresponding genes which
are brought about by various modulators (Kanungo, 1980, '94).

Unfolding and inactivation of c-AsAT:

A comparison of the resuit of unfolding and inactivation studies using
different concentrations of urea on the purified liver c-AsAT of immature and mature
ages of chicken was performed. c-AsAT from the liver of both the ages depict no
differential folded structure since urea requirement for 50% inactivation remained the
same. These findings indicate that the molecular structure of this isoenzyme does
not change at these two postnatal ages of chicken.

Taken together, it can be concluded that the malate-aspartate shuttle
enzymes exhibit age- and tissue-specificity with respect to its activity expression and
further the shuttle enzymes are also subjected to hormonal regulation in an age- and
tissue-specific manner. Purification and kinetic analyses of cytosolic aspartate
aminotransferase of the liver of 0-day and 60-day old chicken reveal that the
structure of the enzyme molecule remains unaltered during such phases of chicken'’s
life span. These findings indicate that factors like hormones and their adaptive
responses to enzymes depend on the metabolic state of the concerned tissué at that
phase of the organism’s life span regulated by the level of hormones, their
receptor/post-receptor events and tissue-specific factors needed for the expression

of cognate genes in an organism-specific manner brought about by various extrinsic
or intrinsic factors.
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SUMMARY

Several complex regulatory mechanisms have been evolved in living cells to
controf the concentration of various enzymes that catalyse critical reactions. The feature
which most probably characterizes all developing and aging populations is the
progressive development and gradual impairment in the ability to "adapt to the
environmental changes. Adaptation at the biochemical level can be expressed as the
alterations in the rates of synthesis and degradation of enzymes as well as changes in
physiological activities. During development and aging, different metabolic adjustments
take place as an adaptation in different tissues to the changing demand made upon
them. Study of all the enzymes of a particular metabolic pathway provides a complete
profile of the biological functions as a function of age. Keeping in view the importance of
studying all the enzymes of a particular metabolic cycle, the work embodies in this thesis
was planned to study the developmental and hormonal regulation of malate-aspartate
shuttle enzymes.

Eukaryotic cells have evolved a number of shuttie systems that harvest electrons
of cytosolic NADH for delivery to mitochondria without actually transporting NADH
across the inner mitochondrial membrane. Various mechanisms of such transfer were
proposed, of which, glycerol-phosphate and malate-aspartate shutties are the most
important. Malate-aspartate shuttle differs from glycerol-phosphate shuttle in that it is
reversible and operates only if the NADH/NAD® ratio in the cytosol is higher. The shuttle
system feeds electrons of cytosolic NADH into the electron transport chain present in the
inner mitochondrial membrane. The malate-aspartate shuttle involves an influx of malate
and glutamate, and an efflux of aspartate and a-ketogiutarate from mitochondria. The
main enzymes of malate-aspartate shutfle are malate dehydrogenase (MDH) and
aspartate aminotransferase (AsAT). Both these enzymes have two homologous and

genetically independent isoenzymes: one in the cytosol and the other in the
mitochondria.

Enzymes are specific proteins that catalyse chemical reactions in biological

systems. Changes in the level and properties of these enzymes, particularly the enzyme
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aging. In aves, the cytosolic and mitochondrial malate dehydrogenase are simiar in

molecular weights, but dre different in amino acid composition and immunological
properties. The isoenzymes of aspartate aminotransferase also differ from one another
in chemical, physical, catalytic and immunological properties. The cytosolic enzymes are
important for gluconeogenesis, whereas the mitochondrial isoenzymes are involved in
bioenergetics. Thus, this shuttle evolves the degree of control points for glycolysis,
gluconeogenesis and krebs cycle.

The present study aims :

(a) to assess the endogenous activity level of shuttle enzymes in different tissues
of chicken at various postnatal ages.

(b) regulation of shuttle enzymes by various hormones such as glucocorticoid
and thyroid hormone during postnatal development of chicken

(c) reconstitution studies of the malate aspartate shuttle system to confirm the
endogenous level and hormonal regulation of enzymes, and

(d) chemical and kinetic properiies of one of the shuttle isoenzymes ( cyiosolic
aspartate aminotransferase) from the liver of two different ages (0- and 60--

day) to find out change, if any, in such properties as a funtion of age.

Endogenous level of shuttle enzymes .

The endogenous activities of isoenzymes of malate dehydrogenase and
aspartate amonotransferase show a significant change during postnatal development of
chicken. The activities of cytosolic malate dehydrogenase (c-MDH) was significantly
higher in the liver of day 30 as compared to day O and 60. in contrast, mitochondrial
~ malate dehydrogenase (m-MDH) activity decreased at day 60 in the liver. However, both
¢- and m-MDH had significantly lower activities at day 0, which increased shamly at day
30 and 60 in the kidney. It, however, did not show any significant change in the heart
and brain tissues at different postnatal ages studied. On the other hand, activity of both
cytosolic and mitochondrial aspartate aminotransferse (c- and m-AsAT) showed a peak
value at day 30 in both the liver and kidney. In the heart and brain, however, it showed a
decrease in the activity of mitochondrial aspartate aminotransferase but a slight increase

in the cytosolic isoenzyme of the heart, with no significant change as compared to liver
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and kidney. These findings indicate a late developmental expression of the shuttle
enzymes, which implicate the involvement of malate- aspartate shuttle at a relatively
advance age in the transfer of reducing equivalents to compensate the metabolic
demands in these tissues of growing chicken.{ it also manifests an age and tissue
specificity with respect to shuttle activity. ‘

Hormonal regulation of shuttle enzymes:

Hormone administration to different posthatch chicken indicates that the shuttle
enzymes may be hormonally regulated in an age- and tissue-specific manner.
Administration of hydrocortisone increases the activity of c-MDH in the liver of chicken at
all ages studied and increases the activity of m-MDH only at day 0 compared to other
postnatal ages studied. The magnitude of increase of c-MDH at different postnatal ages
is variable indicating that glucocorticoids do play a role in the regulation of this
isoenzyme and the variability may be due to the endogenous level of glucocorticoid
receptors and/or post-receptor events at different postnatal ages. Hydrocortisone
administration in the kidney, however, increases only the activity of m-MDH at day 30
compared to other postnatal ages, corroborating that the same enzyme in different
tissues of developing animals might be regulated differentially by the same physiological
stimuli. The variation between c¢- and m-MDH may be due to the differential
responsiveness of genes of c- and m-MDH isoenzymes in regulation by hydrocortisone.
On the other hand, hydrocortisone administration does not seem to be involved in the
regulation of AsAT isoenzymes in the liver and kidney of chicken at all postnatal ages

studied, indicating that AsAT may not be responsive to glucocorticoids in chicken.

Itis also seen that administration of triiodothyronine (T3), which is a potent thyroid
hormone, increased the activity of both isoenzymes of MDH in both the tissues studied
at different postnatal ages of chicken. The magnitude of increase in the activity of both
isoenzymes of MDH is significantly higher at day 30 and day 60 as compared to day 0 in
both the liver and kidney indicating that the- effects of thyroid hormones at the cellular
level are slow to occur in chicken at early stage of lifespan. This hormone, however,
does not influence isoenzymes of AsAT in the liver and kidney except for a slight

increase in m-AsAT level in 0-day and 60-day old chicken liver, corroborating that both

’
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the isoenzymes of AsAT are also genetically independent differing from one another

even in different tissues for their responses towards triiodothyronine.

Shuttle reconstitution studies :

In order to confirm the differential expression of malate-aspartate shuttle
enzymes in the liver and kidney of chicken, the shuttle activity in a reconstituted system
was studied. /n vitro reconstitution of malate~aspartate shuttie showed a higher activity in
the liver of 30-day old chicken compared with that in 0-day chicken. A similar pattern
could also be seen in the kidney of 30-day old compared to that in 0-day chicks
indicating that the shuttle activity corresponds similarly to the expression of enzymatic
activities in the liver and kidney of developing chicken.

The activity of malate-aspartate shuttle in the liver of 0-day and '30-day old
chicken also showed a higher activity in treated chicken as compared with control,
untreated chicken. An identical pattern was also seen in the kidney of 0 day and 30 day
reconstituted system confirming that the shuttle activity also exhibits a similar pattem to

the induction of enzymatic activities by hormonal treatment during postnatal
development of chicken.

Chemical and kinetic properties:

In order to determine the change, if any, as a function of age, in the physico-
chemical and kinetic properties, one of the shuttie isoenzymes, that is, cytosolic
aspartate aminotransferasem (c-AsAT) was isolated and purified from the liver of
chicken of two selected ages (0-day and 60-day) using similar experimental conditions.
The isoenzyme from liver of both 0-day and 60-day old chicken was eluted from the CM-
Cellulose column at the same ionic strength (0.11 M) of sodium acetate buffer, It
appears that there is no difference in the charge content of the enzyme molecule
between 0-day and 60-day old chicken. The degree and yield of purification achieved
are approximately similar for both the ages. it was further confirmed by subjecting
enzyme preparation for polyacrylamide gel electrophoresis and staining the geis with

general and specific stains. The banding patterns of purified cAsAT showed similar
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mobility at these two ages studied. Kinetic analyses show a hyperbolic curve when the
velocity of cytosolic aspartate aminotransferase reaction was plotted against varying
concentrations of both the substrates, that is, L-aspartate and a-ketoglutarate indicating
that these substrates do not exhibit allosteric effects on the enzyme activity. K., values of
this enzyme show no significant difference for both the substrates in 0-day and 60-day
old chicken. The liver cAsAT of chicken from both the ages are competitively inhibited by
amino-oxyacetic acid (AOAA) with respect to L-asparate and non-competitively with
respect to a-ketoglutarate. The K values of this enzyme for amino-oxyacetic acid of both
the O-day and 60-day old chicken are also similar. Inactivation studies of the enzymes
from both the ages also depict no differential folded structure since urea requirement for
50% inactivation remained the same. Thus, these findings indicate that the molecular

structure of this isoenzyme does not change at these two postnatal ages of chicken.

In conclusion, present study on chicken malate-aspartate shuttle enzymes
revealed that the shuttle enzymes exhibit age- and tissue-specificity with respect to its
activity expression and further the shuttle enzyme are also subjected to hormonal
regulation in an age- and tissue —specific manner. Purification and kinetic analyses of
purified cytosolic aspartate aminotransferase of the liver of 0-day and 60-day old chicken
reveal that the structure of the enzyme molecule remains unaltered during such phases
of chicken’s life span. These findings indicate that factors like hormones and their
adaptive responses to enzymes depend on the metabolic state of the concerned tissue
at that phase of the organism’s lifespan regulated by the level of hormones, their
receptor/ post-receptor events and tissue-specific factors needed for the expression of

cognate genes in an organism-specific manner brought about by various extrinsic or
intrinsic factors.
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Lyngdoh HG and Sharma R (2001) Hydrocortisone and
triiodothyronine regulation of malate—aspartate shuttle
enzymes during postnatal development in chicken. Indian
Journal of Biochemistry & Biophysics. 38, 170-175.

Conference!/ symposial seminars:

1. Attended the International conference on Radiation Biology :
DNA damage, Repair & Carcinogenesis & Indo-German
Satellite Symposium on Molecular Biology of Radiation,
Damage & Repair, 7" —10" April, 1998, Deptt. Biochemistry,
NEHU, Shillong, india

2. Attended and presented a paper titled * Endogenous activity level

of malate-aspartate shuttle isoenzymes in chicken”, in the 68"
Annual Meeting of Biological Chemists (India} & Symposium
on Current Trends in Biology, held at the Indian Institute of
Science, Bangalore, from 27"-29" December 1999.

" NMember of scientific body:

reyls

Society of Biological Chemists (SBC), Bangalore, India
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