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The normal endogenous level of malate-aspartate shuttle enzymes and its regulation by hydrocortisone and
triiodothyronine were studied in the liver and kidney of 0-, 30- and 60-day old male Rhode Island Red (RIR) chicken. The
endogenous activity 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 decreased at day 60 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. On the other hand, activity of both cytosolic and mitochondrial aspartate aminotransferase (c- and m-AsAT) showed
peak value at day 30 in both liver and kidney. Hydrocortisone administration induced ¢c-MDH in the liver at all the ages
studied, but did not influence the activity of the isoenzymes in the kidney whereas, it induced m-MDH in the liver at day 0
and in kidney at day 30. Administration of hydrocortisone, however, did not influence AsAT isoenzymes (c- and m-AsAT)
in either of the tissues at any of the postnatal ages. Triiodothyronine induced c-MDH in the liver at all the ages whereas
kidney isoenzyme was induced only at day 60. In contrast, m-MDH was induced by triiodothyronine in both liver and
kidney at day 30 and 60. Administration of triiodothyronine did not influence c-AsAT of liver and kidney at either of the
ages, whereas it induced m-AsAT of only liver at day 0 and 60. These findings indicated a tissue- and age-specific
expression of the malate-aspartate shuttle enzymes in chicken and difference in the regulation exerted by hydrocortisone and

triiodothyronine during postnatal development of chicken.

The malate-aspartate shuttle serves as one of the
primary mechanisms for the transfer of reducing
equivalents from the cytosolic NADH to the
mitochondria in many animal tissues'”. It has been
established that the inner mitochondrial membrane is
impermeable to NADH. The NADH formed by
glycolysis in the cytoplasm by the oxidation of
glyceraldehyde-3-phosphate must be regenerated to
NAD" for glycolysis to operate. The shuttle involves
- an influx of malate and glutamate and an efflux of
aspartate and 2-oxoglutarate from mitochondria®®.
The main enzymes of the shuttle are malate
dehydrogenase (MDH; EC 1.1.1.37) and aspartate
aminotransferase (AsAT; EC 2.6.1.1). Both these
enzymes have two homologous and genetically
independent isoenzymes; one in the cytosolic (c-) and
the other in the mitochondrial (m-) fractions®.

In developing animals, metabolic adjustments take
place in different tissues as an adaptation to the
changing demands made upon them. Many studies
have been done on individual enzymes as a function
of age in different groups of animals™®, however,
reports on the activity of all the enzymes of a
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particular metabolic pathway are scanty’. Alterations
in the level of enzymes and their inducibility by
certain hormones are age-related phenomenon,
characterized by changes in the responsiveness of
tissues and cells to these hormones'’. Glucocorticoids
play a crucial role in the development and aging of
animals'"'2, The effect of glucocorticoids in post-
hatch chicken resembles those observed in
mammals'. It depends on the level as well as on the
physicochemical properties of its receptors.
Therefore, age-dependent changes in the inducibility
of enzymes by glucocorticoids are influenced by the
level of receptors and also by the post-receptor
events'*'>. On the other hand, effects of thyroid
hormones at the cellular level are slower in avian
during early stages of development as is true in
mammals'®, Thus, thyroid hormones also influence
the age-dependent changes in enzymes of adult
birds'’. Earlier work on the malate-aspartate shuttle
has been done mostly on the mammalian system.
However, information on the development and
hormonal regulation of avian malate-aspartate shuttle
are scanty. The present work describes the
endogenous activity level of chicken malate-aspartate
shuttle at three ages (0-, 30- and 60-day old) in the
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liver and kidney. In addition, the effects of
hydrocortisone (HC) and triiodothyronine (T5) on the
activity of shuttle enzymes are also reported and their
regulatory roles are discussed.

Materials and Methods

Animals and chemicals

Male chicken (Rhodes Island Red, RIR breed) were
locally purchased from a veterinary farm. They were
maintained at 25+2°C under normal laboratory
conditions and fed with a chick mash diet (Priemier
Hatchery Ltd, Shillong) and tap water ad [libitum.
Chicks of three different postnatal age groups (0-, 30-
and 60-day) were used for the experiments. All the
chemicals used were of analytical grade, and the
biochemicals were purchased from Sigma Chemical
Co., USA.

Tissue preparation and assay of shuttle enzymes

Chicken were sacrificed at a fixed time of the day
- (9:00 hr) by decapitation. Tissues (liver and kidney)
were removed immediately, washed in ice-cold saline
(0.9% NaCl) and blotted dry. Homogenates (25%,
w/v) of the liver and kidney were prepared in ice-cold
0.25 M sucrose. Each homogenate was centrifuged at
800xg for 10 min at 2°C to sediment nuclei. The
resulting supernatant was further centrifuged at
14,000xg for 30 min at 2°C to sediment mitochondria.
The supernatant thus obtained was used for the assay
of cytosolic malate dehydrogenase (MDH) and
aspartate aminotransferase (AsAT). The
mitochondrial pellet was washed twice, suspended in
- a solubilizing medium (0.25 M sucrose/10 mM
potassium phosphate buffer, pH 7.5/0.5% Triton X-
100) for 3 hr, and used for the assay of mitochondrial
(m-) MDH and AsAT.

Both the isoenzymes of MDH', and ASAT" were
assayed spectrophotometrically in a Hitachi U-2000
spectrophotometer as described earlier”?'. Protein
contents of cytosolic and mitochondrial fractions were
determined by the dye binding method of Bradford*
using bovine serum albumin as reference standard.
The activity of both the isoenzymes of MDH and
AsAT was expressed as unit (umole NADH oxidised
per min) per mg protein. The data were statistically
analysed™ and the level of significance (p-values)
between different sets of data was calculated
according to paired Student’s t-test.

Hormone treatment

Effects of hydrocortisone and triiodothyronine
were 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). Trial
experiments were undertaken to determine the time-
and dose-response of the isoenzymes towards
hydrocortisone and triiodothyronine. Maximum
response of the isoenzymes was obtained with a
repeated dose of 1 mg/100 g body weight for three
days for hydrocortisone and 25 pg/100 g body weight
for three days for triiodothyronine. All chicken
received the same amount of 0.5 ml suspension
medium (10% ethanol in 0.9% NaCl) administered
intraperitoneally (i.p.) at a fixed time of the day (9:00
hr) for three days. Chicken were sacrificed after 6 hr
of the last hormone injection, and their tissues (liver
and kidney) were taken out, washed in ice-cold saline,
blotted dry and stored at -35°C till the assay of MDH
and AsAT.

Results

Endogenous activity level of the malate-aspartate
shuttle enzymes

Our results show that the normal endogenous
activity (units/mg protein) of cytosolic malate
dehydrogenase (c-MDH) was significantly higher in
the liver on day 30 as compared to day 0 (+53%) and
day 60 (+38%) (Fig. 1A). Mitochondrial (m-) MDH,
however, does not exhibit any significant change in
the liver upto day 30 and declines significantly
(-51%) at day 60 (Fig. 1A). In kidney, both c- and m-
MDH show (Fig. 1B) a significantly lower activity at
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Fig. 1—Activity of cytosolic (c) and mitochondrial (m) malate
dehydrogenase isoenzymes in the liver (A) and kidney (B) of
normal male chicken at various postnatal ages. [Fractionation and
assay conditions for respective isoenzymes are described in
'Materials and Methods' section. Values are mean for 4-5 chicks
of each age group. Bars represent standard deviation].
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day 0 and increase sharply at day 30 (8-fold and 4-
fold, respectively) and at day 60 (+35% and +14%,
respectively). On the other hand, activities of both
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Fig. 2—Activity of cytosolic (¢) and mitochondrial (m)
aspartate aminotransferase isoenzymes in the liver (A) and
kidney (B) of normal male chicken at various postnatal ages.
[Fractionation and assay conditions for respective isoenzymes
are described in 'Materials and Methods' section. Values are
mean for 4-5 chicks of each age group. Bars represent standard
deviation].
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Fig. 3—Effects of hydrocortisone (HC) and tritodothyronine
(T3) on the activity of cytosolic (A) and mitochondrial (B)
malate dehydrogenase isoenzymes in the liver of male chicken
of different postnatal ages. [N, normal; HC, hydrocortisone
treated; Ts, triiodothyronine treated. Hormonal 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].

cytosolic and mitochondrial aspartate
aminotransferase (c- and m-AsAT) show a peak value
at day 30 in both liver and kidney (Fig. 2A and B,
respectively).

Hormonal regulation
(MDH) isoenzymes

Hydrocortisone administration causes a significant
increase in the activity (units/mg protein) of c-MDH
in liver of chicken at day 30 (+23%) and day 60
(+32%) (Fig. 3A), while it does not influence the
activity of this isoenzyme i1 the kidney of chicken
(Fig. 4A). It however, significantly increases (+141%)
the activity level of m-MDH at 0-day in liver and at
day 30 (+102%) in kidney (Fig. 3B and Fig. 4B,
respectively).

Administration of triiodothyronine, on the other
hand, significantly increases the activity of liver c-
MDH at 0-day (+61%) and 60-day (+87%) whereas, it
influences moderately (+20%) the kidney isoenzyme
only at day 60 (Fig. 3A and Fig. 4A, respectively).

of malate dehydrogenase
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Fig. 4—Effects of hydrocortisone (HC) and tritodothyronine (T3)
on the activity of cytosolic (A) and mitochondrial (B) malate
dehydrogenase isoenzymes in the kidney of male chicken of
different postnatal ages. [N, normal; HC, hydrocortisone treated;
T,, triiodothyronine treated. Hormonal 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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The activity of m-MDH is also increased significantly
in the liver (+88% and +87%) and also in the kidney
(+80% and +37%, respectively) at day 30 and day 60
(Fig. 3B and Fig. 4B).

Hormonal

regulation  of  aspartate  amino-
transferase(AsAT) isoenzymes
Administration of hydrocortisone does not

influence AsAT isoenzymes (c- and m-AsAT) in
either liver or kidney at any of the postnatal ages
studied (Fig. 5A,B and 6A,B). Triiodothyronine
administration does not induce c-AsAT isoenzymes in
both the tissues at these postnatal ages, however, it
increases m-AsAT of liver at day O (+69%) and day
60 (+98%) (Fig. 5A, B and 6A, B).

Discussion

The malate-aspartate shuttle is mainly involved in
the transfer of reducing equivalents from cytosolic
NADH to the mitochondria in various tissues* . The
cytosolic isoenzymes of both MDH and AsAT are
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Fig. 5S—Effects of hydrocortisone (HC) and triiodothyronine (T5)
on the activity of cytosolic (A) and mitochondrial (B) aspartate
aminotransferase isoenzymes in the liver of male chicken of
different postnatal ages. [N, normal; HC, hydrocortisone treated);
T;, triiodothyronine treated. Hormonal 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}.

also implicated in gluconeogenesis, since the former
converts malate and the latter converts aspartate to
oxaloacetate, which subsequently gets converted to
phosphoenolpyruvate''. The functional significance of
malate-aspartate shuttle also unfolds the degree of
control points for glycolysis, gluconeogenesis and
Krebs cycle. Although 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**. 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®. 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
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Fig. 6—Effects of hydrocortisone (HC) and triiodothyronine (T;)
on the activity of cytosolic (A) and mitochondrial (B) aspartate
aminotransferase isoenzymes in the kidney of male chicken of
different postnatal ages. [N, normal; HC, hydrocortisone treated;
T;, triiodothyronine treated. Hormonal 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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pathway. Keeping in- view the differences in
metabolic make up, we planned to study the
endogenous level and hormonal regulation of malate-
aspartate shuttle enzymes in the liver and kidney of
chicken at various post-hatched ages.

The endogenous activity levels of both MDH and
AsAT isoenzymes are significantly higher at day 30
in the liver and kidney of chicken indicating 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. 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®*. We have previously
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 shuttle
enzymes corroborate the metabolic differences in the
chicken as compared to rats and mice.

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®®. 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 gene responsible for the
synthesis of c- and m-MDH are reported to be
different®”°. 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. This is in difference
to the glucocorticoid regulation of c-AsAT in rats and
mice'*.

Results on the hormonal regulation by
triiodothyronine of shuttle enzymes demonstrate that
triiodothyronine 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 O 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
lifespan'®. 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
responses towards triiodothyronine. These studies
indicate that factors like hormones and their adaptive
responses to enzymes exhibit a tissue- and age-related
patterns depending on the metabolic state of the
concerned tissue at that phase of organism’s lifespan.
Such adaptive responses may, in turn, be regulated by
the level of hormones, their receptors/post-receptor
events and tissue-specific factors needed for the
expression of cognate genes in an organism-specific
manner.
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