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Summary

The activities and hormonal regulations of citrate synthase (CS) and phosphoenolpyruvate carboxy-
kinase (PEPCK) in the liver of male rats of various ages were studied. It has been observed that the
activity of CS increases gradually as a function of age of the rat. The activity of PEPCK, on the other
hand is highest in the liver of adult rats. Adrenalectomy causes no significant change in the activity of CS
of the liver of young, adult and old rats. However, this treatment decreases significantly the activity of
PEPCK of the liver of rats of all the ages. Administration of hydrocortisone to adrenalectomized rats
depresses and induces, respectively, the activity of CS and PEPCK in the liver of young and adult rats but
not in the old rats, This hormone mediated effect of the enzymes decreases with increasing age of the rats.
Treatment of actinomycin D prior to hydrocortisone administration tends to normalize the depressed
level of CS. However, this inhibitor inhibits the PEPCK induction.

citrate synthase and phosphoenolpyruvate; aging; hydrocortisone

Introduction

Oxaloacetic acid is converted to phosphoenolpyruvate (PEP) or condenses with
acetyl-CoA to form citrate in the hepatic cells. Citrate synthase (citrate oxaloacetate
lyase (CoA-acetylating) EC 4.1.3.7) is the first enzyme of the Krebs cycle which
catalyses the conversion of oxaloacetic acid and acetyl-CoA to citric acid, a step
which is considered to be the major regulatory site for the Krebs cycle activity
(Srere, 1972). Phosphoenolpyruvate carboxykinase (PEPCK; GTP: oxaloacetate
carboxylase (transphosphorylating) EC 4.1.1.32) is a key enzyme of gluconeogenic
pathway (Tilghaman et al., 1976). It catalyses reversible decarboxylation of
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oxaloacetate to PEP. The relative amount of this enzyme in the mitochondrial and
cytosolic fractions of animal tissues varies greatly from one species to another
(Nordlie and Lardy, 1963). In rat liver, it is predominantly cytosolic (Nordlie and
Lardy, 1963). However, CS is exclusively mitochondrial (Srere, 1972),

There are only few conditions which are known to alter the total activity of CS in
rat tissues. Prolonged exercises of rat caused a 2-fold increase in the activity of
muscle CS (Holloszy et al., 1970). Kirsten and Kirsten (1972) have demonstrated
that aldosterone injection causes a transient of 30% increase in the level of CS.
Mukherjee et al. (1976) reported that the activity of hepatic CS increases by 2- to
3-fold in vitamin B,, deficiency. Cytosolic PEPCK responds adaptively to hormonal
and dietary influences (Shrago et al., 1963; Lardy et al., 1965). Gunn et al. (1975)
reported that glucocorticoids appear to stimulate the synthesis of PEPCK in
hepatoma cells in vitro since the induction of this enzyme by these steroids is
inhibited by actinomycin D. It has also' been reported that administration of
dexamethasone increases and decreases, respectively, the activity of PEPCK and CS
of the liver of rat (Heitzman et al., 1972). For the present studies, CS and PEPCK
were selected as the model enzymes since the former is a key regulatory enzyme of
the Krebs cycle and the latter, a key enzyme of gluconeogenesis. The rate of
oxidation of glucose through Krebs cycle and its synthesis through gluconeogenesis
might be controlled by the activities of CS and PEPCK since these enzymes are
regulated endogenously by the cellular concentration of oxaloacetate. We report here
the differential regulation of CS and PEPCK by hydrocortisone in the liver of rats
through different phases of their life span.

Materials and Methods

Animals

Male albino rats of Wistar strain of three different age groups (6, 30 and 90 wk)
were used. They were kept at 24 + 2°C under a controlled illumination programme
that provided a 12-h light period followed by a 12-h dark period. The rats were fed
with a freshly prepared diet containing wheat flour and vitaminized milk powder in
the ratio of 4 : 1 usually given at 6 P.M. daily. The food and water were supplied ad
libitum. All the chemicals used were of analytical grade. The biochemicals were
purchased from Sigma Chemical Co., U.S.A.

Effect of hormone

Pilot experiments were undertaken to find the time and dose dependence of these
enzymes towards hydrocortisone in rats of various ages. Maximum response of the
enzymes was obtained 3 days after the hormone administration at a dose of 5.0
mg,/100 g body wt. The rats of each age group were divided into four sets, each
having 4-5 rats. The set I rats served as the norm. The rats of sets II, IIT and IV.
were bilaterally adrenalectomized (A /d). These rats were given 0.9% NaCl ad
libitum instead of water for 10 days. On the 11th day, the set II rats were
administered 1.0 ml of 0.9% NaCl intraperitoneally (i.p.) and these rats served as
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control for the induction studies. The rats belonging to sets I1I and IV were given an
1.p. dose of hydrocortisone (5.0 mg/100 g body wt., suspended in 1.0 ml of 0.9%
NaCl) at the fixed time of day for 3 days. The set IV rats were also given
actinomycin D (10.0 pg/100 g body wt., suspended in 0.9% NaCl), 1 h prior to
hydrocortisone administration for 3 days. All the rats were killed 3 h after the final
hormone injection.

Tissue preparation

The rats were killed by cervical dislocation at a fixed time of day (i.e. 18.00 h) in
order to avoid fluctuations in enzyme levels due to circadian rhythm. Their livers
were removed, washed in normal saline and blotted dry on a filter paper. A 10%
(w/v) homogenate of the tissue was prepared in 0.25 M sucrose at 2 + 1°C using a
Potter-Elvehjem homogenizer fitted with a Teflon pestle. The homogenate was
filtered through a double layered cheese cloth and centrifuged for 15 min at 700 X g
at 0°C to sediment nuclei. The resulting supernatant was centrifuged further for 30
min at 14,000 x g at 0°C to sediment mitochondria. The clear supernatant was used
for spectrophotometric assay of PEPCK (Ballard and Hanson, 1967). The enzyme
activity was routinely measured at 25°C by the reduction of NADH (0.15 mM) in
1.0 mM imidazo’e /HCI buffer (final pH 6.7), containing 50 mM NaHCO,, 1.25 mM
IDP, 2.0 mM MnCl,, 2.0 mM GSH, 20 U of malate dehydrogenase, 0.05 ml of the
suitably diluted supernatant and 1.5 mM PEP. One unit of the enzyme was defined
as that amount which is required to oxidize 1.0 pmol of NADH /min at 25°C.

The crude mitochondrial pellet was washed once with the homogenizing solution
and centrifuged. The mitochondrial pellets were suspended in 5.0 mM potassium
phosphate buffer, pH 7.5 containing 0.25 M sucrose. This suspension was used for
the assay of CS within 3 h of solubilization. The activity of CS was determined by
measuring the initial rate of the reaction at 412 nm (Srere et al., 1963). The reaction
mixture (final volume 3.0 ml) contained 100 mM Tris—HCI buffer (pH 8.1), 0.1 mM
acetyl-CoA, 0.1 mM 5,5'-dithiobis (2-nitrobenzoate), 0.5 mM oxaloacetate and the
suitably diluted enzyme (0.05 ml). The reaction was carried out at 25°C and was
initiated by the addition of oxaloacetic acid. One unit of this enzyme is the amount
that catalyses the liberation of 1 pmol of CoA-SH/min under the standard condi-
tions of the assay. The activities of both the enzymes are expressed as U /mg protein.
Protein content (mg/g wet weight) of the supernatant and the mitochondrial
fractions were determined (Lowry et al, 1951). All the data were statistically
analysed (Garrett, 1966). The level of significance ( P) between two sets of data was
calculated according to Student’s t-test. P values, which were 5% or lower for two
sets of data were taken as significant.

Results and Discussion

Our data indicate that the activity (U/mg protein) of citrate synthase shows a
gradual increase in the liver as a function of age of the rat (Table I). The slight
increase in the activity of this key Krebs’ cycle enzyme in the liver of old rat may
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make this tissue more aerobic during this phase of its life span since the amount of
this enzyme in the cell is directly correlated with the ability of the cell to utilize
oxygen (Srere, 1969). The findings are consistent with the earlier findings on lactate
dehydrogenase and malate dehydrogenase (Singh and Kanungo, 1968; Sharma and
Patnaik, 1982a). The activity of PEPCK of the liver, on the other hand, is signifi-
cantly higher in the adult rat as compared to those of the young and old rats (Table
[). It is of great interest to mention here that the observed changes in the level of
PEPCK show similar trends with those of the isoenzymes of alanine aminotransferase
of the liver as a function of age of the rat (Patnaik and Kanungo, 1974). Although
cytosolic alanine aminotransferase participates in active gluconeogenesis its activity
decreases in old age. A decrease in the activity of two other gluconeogenic enzymes
(i.e. glucose 6-phosphatase and fructose 1. 6-diphosphatase) in the liver of aging rat
has been reported earlier (Singhal, 1967). The higher level of PEPCK in adult rat
may be due to the higher metabolic status of this animal at this phase of its life span.
A decrease in its activity in old age may also be correlated with a decrease in the rate
of synthesis of corticoids as a function of age (Serio et al., 1969) since this enzyme is
regulated by corticosteroids (Shrago et al., 1963). Our studies also show that the
protein content (mg/g wet weight) of the cytosolic and mitochondrial fractions of
the liver remains unchanged ir rats of all the ages (Table 1V).

Adrenalectomy causes no significant effect on the activity of CS of the liver of
rats of all the ages (Table II). However, this treatment decreases the activity of liver
PEPCK in rats of all ages (Table III). This shows that the activity of hepatic CS is
not very dependent on the adrenal gland of the animal. The percent decrease in the
activity of hepatic PEPCK following adrenalectomy is highest in the adult rat which
is correlated with a higher endogenous level of this enzyme at this phase of its life
span. Administration of hydrocortisone to adrenalectomized rats causes a depression
in the activity of CS of the liver of young and adult rats (Table II). In contrast to the
observations on CS, it has been observed that hydrocortisone increases significantly

TABLE 1

Activity of citrate synthase (CS) ana phosphoenolpyruvate carboxykinase (PEPCK) of the liver of normal
male rats of different ages.

Age Enzyme activity (U /mg protein)x10?
(wk) cs PEPCK
Mean SD P Mean SD P
6 25.404-0.70 30.00+2.40
< 0.01 < 0.001
30 29.60 +0.83 47.6041.20
(+16%) (+58%)
< 0.02 < 0.001
90 33.504+1.10 28.204+1.30
(+13%) (—41%)

The data were collected from 4 to 5 rats of each age group. Standard deviation (SD) and the levels of
significance ( P < 0.05) are given. +, Increase; —, decrease.
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TABLE I

Effects of adrennl:ctomy (A /d), hydrocortisone (HC) and actinomycin D (A) on the activity of citrate
syntnase of the liver of male rats of various ages.

Treatments Enzyme activity (U/mg protein)x 10>
6 vk 30 wk 90 wk
Mean SD P Mean SD P Mean SD o
Normal 7540+0.70 29.60+0.83 33.50+1.10
NS NS NS
Asd 2660+1.70 30.50+1.50 39.20+1.20
(NE) (NE) (NE) NS
< 0.01 < 0.01
A/d+HC 18.00 +1.50 23.00+0.90 39.70+1.10
(-33%) (—25%) (NE)
< 0.01 < 0.01 NS
Asa+A+HC 26.10+2.10 27.10+0.98 38.50+1.50
(+45%) (17%) (NE)

The data were collected from 4 to 5 rats of each age group. Staadard deviation (SD) and the levels of
significance ( P < 0.05) are given. +, Increase; —, decrease; NE, no efiect; NS, not significant.

the activity of liver PEPCK in young and adult rats (Table III). Administration of
actinomycin I} prior to the hormone treatment tends to normalize the depressed
levei of CS. However, this inhibitor prevents the induction of PEPCK by hydrocorti-
sone. Thus, the zbove findings provide a firm support to the general hypothesis
(Krebs, 1966) that oxaloacetic acid, an intermediate of gluconeogenesis, is diverted
from the Krebs cyz=le to gluconeogenesis due to the higher level of the enzymes which
convert it to PEP. thereby diminishing the rate of this cycle.

Our present observations as well as the earlier findings of Heitzman et al. (1972)
confirm the above-mentioned hypothesis that increase in the rate of gluconeogenesis

TABLE I

Effects of adrenalectomy (A /d), hydrocortisone (HC) and actinomycin D (A) on the activity of
phaosphoenolpyruvate carboxykinase of the liver of male rats of various ages.

Treatment Enzyme activity (U/mg protein)x 107

6 wk 30 wk 90 wk

Mean SD P Mean SD P Mean SD P
Normal 10304240 47.60+1.20 26.20+1.50

< 0.01 < 0.001 <0.01

A/ '9.80+1.30 25.00+1.70 18.10+1.20

{—34%) < 0.001 (—48%) < 0.001 (—31%) NS
A/d+ HC 47.10+1.20 40.60+1.10 20.70+1.20

(+:37%) < 0.001 (+62%) < 0.001 (NE) NS
A/d+A+HC 17.69+3.10 21.40+1.60 23.50+0.50

(—6:%) (—48%) (NE)

The abbreviations are (1e same as in Table II.



172

TABLE IV

Protein content (mg/g wet weight) of the liver of normal male rats of different ages.

Age Cytosolic Mitochondrial
(wk) fraction fraction
Mean SD P Mean SD P

6 75.86+1.74 45.27+1.45

NS NS
30 79.46 +2.15 4382+1.72

NS NS
90 76.10+1.52 47.10+1.29

The data were collected from 4 (o 5 rats of each age group. Standard deviation (SD) and the levels of
significance () are given. NS, not significant.

following glucocorticoid administration is related to an increase and decrease,
respectively, in the activity of cytoplasmic PEPCK and CS. Further, the present
observations are better clarified by the findings that actinomycin D treatment tends
to normalize the depressed level of CS in the liver of young and adult rats (Table II),
possibly by preventing the induction of PEPCK by hydrocortisone (Table III). Thus,
the present findings indicate clearly that oxaloacetic acid is diverted more towards
gluconeogenesis following the administration of hydrocortisone which is used ulti-
mately for the synthesis of glucose. It is noteworthy to mention here that the degree
of induction and repression, respectively in the activity of PEPCK and CS following
hydrocortisone administration, decreases as a function of age of the rat. The
impairment of induction of PEPCK in old rats may be due to a gradual loss in the
level of hydrocortisone receptors (Singer et al., 1973; Roth and Adelman, 1974,
1975). A decrease in the degree of induction of hepatic cytoplasmic MDH, aspartate
aminotransferase and two other gluconeogenic enzymes (i.e. glucose 6-phosphatase
and fructose 1,6-diphosphatase) with advancing age of the rat has been reported
earlier (Singhal, 1967; Sharma and Patnaik, 1982a, b). The induction of PEPCK by
hydrocortisone is actinomycin D sensitive. Thus, it appears that the induction of this
enzyme by hydrocortisone occurs at the transcriptional level and is due to an
increase in the synthesis of mRNA for this enzyme (Iynedjian and Hanson, 1977).
From the above-mentioned findings, it may be concluded that the level and
inducibility of CS and PEPCK are age-specific and undergo specific changes at
different phases of the life span of the rat. Such alterations in the levels of these
enzymes may be due to the regulatory changes in the corresponding genes which are
brought about by factors such as hormones according to a specific programme
(Kanungo, 1980). Such changes may be responsible for the aging of an organism.
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