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Abstract—In untreated and treated rats, age-dependent changes of some cerebral enzymatic activities
(lactate dehydrogenase; citrate synthase and malate dehydrogenase; total NADH—cytocrome ¢ reductase and
cytochrome oxidase) were studied in the homogenate in fofo and in the crude mitochondrial fraction of the
brain from the 16th to the 28th week of age. at 4-week intervals. All the activities studied exhibited a natural
peak around the 20th week of life. and subsequently they decreased to lower values. The tested drugs
(medibazine. trimetazidine, (—)eburnamonine, papaverine, suloctidil, bamethan, inositol niacinate, and
UDP-glucose) were administered daily for periods of 4, § or 12 weeks each (16-20. 1624, 16—-28 or 2428
weeks of fife) by intraperitoneal route and at one dose level (1 or 5 mg/kg). The drugs tested exerted differernt
effects in the various administration periods. thus enabling us to differentiate drug action on some important
cerebral enzymatic activities after chronic treatment.

Pharmacological investigations performed with acute
models on the energy and redox states of the brain have
shown that effects on vessels should be dissociated from
effects on the biochemical pattern | 1]. Furthermore, no
drug-induced activation can be found on energy charge,
either normal or modified by ischemia or acute hypoxia,
whereas this may be present during the recovery period
[ 1—4]. This fact increases the questionability of evalua-
tion of the action on cerebral energy metabolism based
on drug ability to affect cerebral blood flow, both in
acute and in chronic studies. Furthermore, cerebral
deficiencies of maturity and senescence are related
more to a failure of metabolic functions to adapt to age,
than to a primary blood flow insufficiency {5-71. Acute
investigations on the effect of drugs on cerebral metabo-
lism use hypoxia models (hypoxic, anemic or ischemic
hypoxia) and evaluate at brain level the modifications
undergone by substrates, glycolytic intermediates, in-
termediates of the carboxylic acid cycle, energy media-
tors, etc. {14, 8~14]. To complement and improve
this approach, chronic models can be developed {6, 15]
with regard to natural changes dependent on matura-
tion of brain metabolism, both in terms of function and
of regulation, in connection with the behavior of enzy-
matic activities (for areview see [ 16]) as an expression
of genomic { 171, hormonal and pharmacologic regula-
tion {181

As for the choice of the biochemical parameters
related to cerebral metabolism, tissular enzymatic ac-
tivities prove reliable for interpretation purposes, since
they condition the rate of cerebral biochemical reac-
tions in which modifications in substrates, intermedi-
ates and end-products represent the effect of their
actions.

In the present research, the enzymatic activities stud-
ied were: lactate dehydrogenase (L-lactate: NAD" oxi-
doreductase, EC 1.1.1.27) for the glycolytic pathway;
citrate synthase {(citrate oxaloacetate-lyase, EC 4.1.3.7)
and malate dehydrogenase (L-malate: NAD" oxidored-
uctase, EC 1.1.1.37) for the Krebs’ cycle; total
NADH-cytochrome ¢ reductase (NADH—cytochrome
¢; oxygen oxidoreductase. EC 1.6.99.3) and cyto-

chrome oxidase (ferrocytochrome c: oxygen oxidored-
uctase, EC 1.9.3.1) for the electron transport chain,
Some of the enzymatic activities were evaluated in both
the homogenate in toto and the mitochondrial fraction,
since many of them are variously located in the cyto-
plasm, and since the metabolic behavior of a cell-free
system might respond to substrates and cofactors dif-
ferently in comparison to the homogenate in toto [ 19].
The tested drugs (medibazine, trimetazidine, (-—)ebur-
namonine, papaverine, suloctidil, bamethan, inositol
niacinate, UDP-glucose) were chosen because of their
vascular and/or metabolic action on the brain and/or
other tissues.

MATERIALS AND METHODS

The present investigation was carried out in male rats
(Sprague—Dawley strain) fed a standard diet as pellets
and water ad [libitum, and housed three, and sub-
sequently two, per cage under optimal environmental
conditions (22°, 55-60% relative humidity, 12-hr day
cycle) until they reached the age of 16—-28 weeks. The
rats were housed at first for one month under an
automatic fixed dark—light schedule. In fact, the circa-
dian activities of various enzymes are stable only after
about 3 weeks in the adult rat at the same time of the
nycthemeron. Evaluations were made every 4 weeks in
lots of 8 animals each. The initial allocation of animals
to the different lots was made by randomization. The
time course of the examinations performed in the lots
was established by means of permutation tables.

The drugs were administered during four periods as
follows: (1) from 16 to 20 weeks of age: the animals of
this group were treated between 9:10 and 9:30 a.m.; (2)
from 16 to 24 weeks of age: the rats of this group were
treated between 10:10 and 10:40 a.m.; (3) from 16 to
28 weeks of age: the rats of this group were treated
between 9:30 and 9:50 a.m.; (4) from 24 to 28 weeks
of age: the animals of this group were treated between
9:50 and 10:10 a.m. Even though the time interval of
daily treatment is the maximum on which to base
comparative statistical analysis, this is at least partially
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excused by the number of animals utilized in the experi-
ment. Treatment was carried out daily (6 days a weeks)
by intraperitoneal administration. using one dose of
drug: (a) papaverine and suloctidil = 1 mg/kg; (b) me-
dibazine, trimetazidine, (—)cburnamonine, bamethan.
inositol niacinate, and UDP-glucose == 5 mg/kg. Con-
trol animals were given the vehicle only by the same
route. Blind biochemical evaluations were performed
after 4. 8 and 12 weeks of treatment (at 20, 24 or 28
weeks of age). All animals were killed between 9:30 and
10:10 a.m.. 48 hours afier the last injection. This inter-
val is very important to differentiate the drug interfer-
ence with basic cellular components or activities from
the immediate effect of a sustained treatment with a
drug.

At the set time the animals were sacrificed by decapi-
tation and their brains removed from the skull within
15 sec in a precooled box at —5°. The 0.32-M sucrose
washed and weighed brains were homogenized in 0.32-
M sucrose for 30 sec (precooled Potter—Braun S ho-
mogenizer, with a teflon pestle). The homogenate ob-
tained was diluted with 0.32-M sucrose (10% w/v)and
an aliquot of each sample was taken for the assay of
enzymatic activities. The remaining homogenate was
submitted to a series of centrifugations (Sorvall RC-5
Supercentrifuge) for the preparation of the crude mito-
chondrial fraction {20] obtained at 14,000¢ for
20 min. On both the homogenate and the mitochondrial
preparation samples, protein content was evaluated
{21] and the following enzymatic activities were meas-
ured: malate dehydrogenase [22]; total NADH-cyto-
chrome ¢ reductase {231]; cytochrome oxidase [ 24, 251,
The activity of lactate dehydrogenase was evaluated
only in homogenate samples [26]. while that of citrate
synthase was measured only in the mitochondrial prep-
aration samples [27]. Enzymatic activities were re-
corded (Beckman 25 Spectrophotometer Recorder)
and calculated using the straight portion of the reaction
curves. Results were expressed as specific activities:
umoles - min~* (mg protein)™.

With regard to the statistical analysis of the results,
data on eight enzymatic activities were available (4
evaluated in the homogenate in toto and 4 evaluated in
the crude mitochondrial fraction), concerning 9 treat-
ments for each enzymatic activity, performed in groups
of 8 rats each. Each enzymatic activity was measured
after 4, 8 and 12 weeks of treatment. Two statistical
tests (Anova and Dunnett’s tests) were applied to these
data, after checking the homogeneity of variance by the
Bartlett’s test (with regard to both the above mentioned
tests ). Anova was employed to evaluate the “treatments
by times”™ interactions, i.e. to detect a possible differ-
ence in effect of the various drugs in the treatment
time. The Dunnett’s test was used. at each individual
time, to assess differences between the cerebral enzy-
matic activities of controls and those of the treated rats.

RESULTS

Tables 1 to 5 depict the behavior of the tested
enzymatic activities, as measured both in the homoge-
nate in toto and in the crude mitochondrial fraction.
These activities refer to both controls and animals
treated with the different drugs, by the intraperitoneal
administration route. In controls (Table 1), all enzy-
matic activities showed an increase from the 16th tothe

Table 1. Rat cerebral enzymatic activities related to the energy transduction evaluated from 16 to 28 weeks of age *

Mitochondrial fraction

Homogenate in toto

Total
NADH-cyt. ¢

Total
NADH-—cyte

Cytochrome Citrate Malate Cytochrome
oxidase synthase dehydrogenase reductase oxidase

reductase

Malate
dehydrogenase

Age

Lactate
dehydrogenase
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1.62 + 0.03

112 + 0.04

1.21 + 0.04
0.78 + 0.03

0.059 + 0.003
0.090 + 0.004
0.063 + 0.001
0.042 + 0.001

0.250 + 0.011
0.351 +0.021
0.292 + 0.015
0.205 + 0.009

0.032 + 0.001
0.038 + 0.001
0.034 + 0.001
0.028 + 0.001

1.53 +0.03
.91+ 0.07
1.65 + 0.04
1.26 + 0.04

0.644 + 0.020
0.784 + 0.029
0.722 + 0.027
0.595 + 0.017

16 weeks
20 weeks
24 weeks
28 weeks

* The enzymatic activities {(umoles - min '*mg protein ') were evaluated both in the homogenate in toro and in the mitochondrial fraction from the rat brain

and are expressed as the mean values + S.E.M. for each group of 8 animals.
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20th week and a decrease from the 20th week onward.

As for the “treatments by times” interactions, Anova
failed to exhibit any significant difference between the
values of the enzymatic activities evaluated in the brain
of control rats and of those treated with the various
drugs. Therefore, the physiological behavior of cerebral
enzymatic activities in the treatment time prevailed
over the changes which could be induced by drugs. The
results reported below are therefore described with
regard to significant differences pointed out by the
Dunnett’s test at each tested time (4, 8 and 12 weeks of
treatment), as shown in Tables 2, 3, 4, 5.

(—)Eburnamonine increased the activity of the mito-
chondrial cytochrome oxidase at all tested times (after
4, 8 and 12 weeks of treatment, from 16 to 20, from 16
to 24 and from 16 to 28 weeks of age, respectively).
This effect was accompanied by a decrease in the
activity of citrate synthase and an increase in the
activities of lactate dehydrogenase, limited to the first 8
weeks of treatment. These changes were observed also
after a four-week treatment, between 24 and 28 weeks
of age. After 4 weeks of treatment, medibazine caused
an increase in the activities of both cytochrome oxidase
and malate dehydrogenase in the mitochondrial frac-
tion. With time, this increase became progressively less
evident and disappeared after 12 weeks of treatment. As
for the enzymatic activities evaluated in the homoge-
nate in toto, medibazine rather steadily increased both
the malate dehydrogenase and the total NADH-cyto-
chrome ¢ reductase during the various treatment pe-
riods. Trimetazidine decreased the enzymatic activities
of the mitochondrial fraction (citrate synthase, malate
dehydrogenase, total NADH—cytochrome ¢ reductase)
particularly after 4 weeks of treatment (between 16 and
20 weeks of life). This inhibition became largely less
evident and then disappeared after 8 and 12 weeks of
treatment. No inhibition was observed when a 4-week
treatment was carried out between 24 and 28 weeks of
life. Papaverine mainly affected the enzymatic activities
evaluated in the brain homogenate in toro: the activity
of lactate dehydrogenase was steadily increased, while
cytochrome oxidase and malate dehydrogenase were
enhanced limited to the first treatment periods.

In the first 4 week treatment period (16 to 20 weeks
of life) suloctidil caused an increase of several enzy-
matic activities, both in the homogenate in foto (lactate
dehydrogenase, total NADH-cytochrome c reductase,
cytochrome oxidase) and in the mitochondrial fraction
(citrate synthase, malate dehydrogenase). In the follow-
ing 8 and 12 week treatment periods, the increase
concerned only the mitochondrial enzymatic activities
of the Krebs’ cycle and particularly the citrate synthase.
The 4 week treatment performed between 24 and 28
weeks of life showed an interference limited to some
cerebral enzymatic activities (lactate dehydrogenase
and cytochrome oxidase in the homogenate; citrate
synthase in the mitochondrial fraction). Bamethan ex-
erted its effect only after 8 weeks of treatment, increas-
ing all the mitochondrial enzymatic activities {cytrate
synthase, malate dehydrogenase, total NADH—cyto-
chrome c¢ reductase, cytochrome oxidase). This effect
disappeared after 12 weeks of treatment (16 to 28
weeks of age). An activation of mitochondrial enzymes
(limited to citrate synthase and total NADH-—cyto-
chrome ¢ reductase) was found after 4 weeks of treat-
ment from 24 to 28 weeks of age.
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Treatment with inositol niacinate and UDP-glucose
did not cause any changes in the enzymatic activities
tested, except for the malate dehydrogenase in the
homogenate in foto which was stimulated by inositol
niacinate.

DISCUSSION

Before discussing the present data, some limitations
should be pointed out. In the first place, the present data
refer to cerebral tissue as a whole: therefore, some
important areas of the brain might undergo different
biochemical adjustments, because of the anatomical
and functional heterogeneity of the organ. Secondiy, the
methods used to determine enzymatic activities abolish
the autoregulative interactions that maintain the cell as
a functionally integrated system. As a consequence,
absolute conclusions are not drawn from these experi-
mental data which might be also relatively related to
each other.

The data obtained in the untreated adult rat (Table 1)
reveal a peak of cerebral enzymatic activities around
the 20th week of life, indicating an increased genetic
coding as a consequence of the activity of the corre-
sponding genes. The behavior observed in the tested
period of life (increase of the enzymatic activities from
the 16th to the 20th week and decrease from the 20th
week onward) might be attributed also to changes in the
hormonal state [18]. In any case, the nature of the
enzyme molecule does not change with age, but its
induction properties do [28]. This age-dependent
change in enzymatic activities related to energy trans-
duction can condition responses to pharmacological
stimuli at cerebral level.

As concerns the behaviour of the curves depicting, as
the function of the time, the decrement of the various
cerebral enzymatic activities following to the peak
value, the tested pharmacological treatments never in-
duced different conditions with respect to those induced
by saline solution. In any case, the degree of the enzy-
matic decrement sometimes varied according to the
tested treatment, showing that the pharmacological
actions are only superimposed upon the predominant
natural change of the enzymatic activities. Further-
more, the pharmacological response tends to be
stronger after the first four weeks of treatment (Table
2), while after 12 weeks of treatment it becomes less
evident (Table 4). This fact might be related to a
reduction in drug power due to prolonged treatment
(e.g. because of drug induction), or to an intrinsic
inefficiency of the drugs to stop the age-dependent
decrement of cerebral enzymatic activities (e.g. taking
place from the 20th week of life). Probably, both
mechanisms are present, since a one-month treatment
performed from the 24th to the 28th week of life (Table
5) caused responses which were: (a) lower than those
induced by treatment from the 16th to the 20th week of
age (Table 2); (b) higher than those recorded at 28
weeks, after approximately 3 months of treatment (Ta-
ble 4). In any case, the effect of drugs becomes more
specific: for example, after one month of treatment,
suloctidil at the 20th week of life increased both the
activity of lactate dehydrogenase, total NADH—cyto-
chrome ¢ reductase and cytochrome oxidase, as evalu-
ated in the homogenate in toto, and the activity of
citrate synthase and malate dehydrogenase evaluated in
the mitochondrial fraction (Table 2). However, after 8
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and 12 weeks of treatment (at 24 and 28 weeks of age)
the action of suloctidil was directed towards the enzy-
matic activities of the Krebs’ cycle (Tables 3 and 4).

As regards specifically the dose used for each drug
tested, effects were found on some enzymatic activities
of the mitochondrial fraction or of the homogenate in
toto, or of both. In some treatments the enzymatic
activities involved were all affected in the same way, all
of them showing an increase or a decrease, while in
other treatment some activities were increased and
some were decreased. This allows a classification {with
validity limited to chronic treatment with the dose
tested) to be drawn up of the action of the drugs on the
pattern of cerebral enzymatic activities: (a) drugs
which generically interfere with the tested cerebral
enzymatic activities by means of an activating (mediba-
zine) or an inhibitory (trimetazidine) trend of action;
(b) drugs which cause a magnification of enzymatic
activities evaluated in the homogenate in toto (papaver-
ine) or in the mitochondrial fraction {bamethan, suloc-
tidil, (—)eburnamonine); (c) drugs which tend to inter-
fere with the mitochondrial activities related to the
Krebs’ cycle by an activating (suloctidil) or an inhibi-
tory trend of action ((—)eburnamonine); {(d) drugs
which tend to interfere with the mitochondrial activities
related to the electron transfer chain, by an activating
action (bamethan, {(—)eburnamonine).

Regarding the treatment time. the bamethan peak of
activity was found after 8. rather than after 4 weeks of
treatment. This stresses the importance of the factor
dose as a function of the factor treatment time, since
bamethan at high doses {120 mg/kg i.p.) proves imme-
diately active on the enzymatic activities of the purified
mitochondrial fraction [ 29|, while in this experiment a
much lower dose (5 mg/kg i.p.). even when adminis-
tered daily for a long period. exhibited a remarkable
latency time. At any rate. the enzymatic response to
chronic treatment is qualitatively similar to that of the
acute treatment [29]

On the whole, the present study in the rat of the
interference in vive of drugs on cerebral enzymatic
activities made possible a preliminary definition of the
relationships between pharmacological treatment and
cerebral metabolism. Indeed, for each drug the trend of
interference on the enzymatic activities tested can be
established. This provides a first approach to define the
possible mode of action at the level of subcellular
systems related to intermediary metabolism. Ob-
viously. a definite conclusion regarding energy status
from the data obtained with this study is impossible.
since. for example. rate limiting enzymatic steps of the
glycolysis were not studied. Furthermore, a more de-
tailed description of pharmacological intereference on
tissular enzymatic systems also requires their evalua-
tion in more homogeneous subcellular fractions (e.g..in
the purified mitochondrial fraction. in synaptosomes,
etc.) and also from other fundamental approaches (e.g..
enzyme kinetic studies, in vivo substrate metabolisa-
tion, etc.).
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