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Abstract—Isolated cerebral capillaries from developing rats utilize glucose as well as ketone bodies
essentially for oxidative metabolism. However, CO, production from [U-'*Clglucose was significantly
greater than from ketone bodies (except at 5mM). Ketone body utilization (in the presence of 5 mM
glucose in the incubation medium) was concentration-dependent (up to 5 mM). Lipid synthesis from
ketone bodies was comparable to that from glucose up to | mM. At concentrations > 1 mM, acetoacetate
incorporation into total lipids and fatty acids was higher than other substrates, however, this difference
was statistically significant only at S mM. Incorporation of substrates into sterols was very low

(<1 pmol/h/mg protein).

Ketone bodies, acetoacetate and D-3-hydroxy-
butyrate are important sources of energy for metab-
olism in developing rat brain and also as precursors
for lipids synthesis (De Vivo, 1980; Robinson and

Williamson, 1980). In vitro studies of different brain-

cells in culture (Koper et al., 1984; Lopes-Cardozo
et al., 1986; Sykes er al., 1986) have shown that the
rate of ketone body utilization for energy production
and lipid synthesis as well as the activities of relevant
enzymes (Chechik er al., 1987) vary with cell type.
Nevertheless, these studies have been performed on
astrocytes, neurons and oligodendrocytes, and very
little information is available on the contribution of
endothelial cells to the metabolism of ketone bodies
in the brain. In our previous work (Homayoun and
Bourre, 1987) we have reported that endothelial cells
of capillaries isolated from adult rat brain metabolize
both acetoacetate and bD-3-hydroxybutyrate and
utilize both substrates for energy production. During
development of the rat, both transport of ketone
bodies into the brain and their metabolism increase
(Cremer et al., 1976; Moore et al., 1976; Daniel et al.,
1971; Patel and Owen, 1977). Therefore, it seemed of
interest to study ketone body utilization in capillaries
isolated from developing rat brain to answer the
following questions: (1) does ketone body utilization
increase during development in brain capillaries? (2)
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what is the quantitative relation between ketone
bodies and glucose as precursors for lipid synthesis
and energy production? (3) are ketone bodies used
preferentially for fatty acid and cholesterol synthesis
compared to glucose?

EXPERIMENTAL PROCEDURES

Materials

Sprague-Dawley rats were obtained from IFFA CREDO
(France). Chemicals and materials were obtained as follows:
[3-"*Clacetoacetate, 10 mCi/mmol; D-[3-"*C]hydroxybutyr-
ate, 50-60 mCi/mmol; [U-"*C]glucose, 335 mCi/mmol (Am-
ersham International, U.K. or CEA, France); dextran
(Pharmacia, France); nylon mesh (118 um) (Desjobert,
Paris, France); glass beads (B-Baun, Mensugen, F.R.G.);
Silica Gel Plates 60 F,;,, and solvents for thin-layer
chromatography (Merck); ethyl [3-'“Clacetoacetate was
hydrolysed as described by Koper et al. (1981).

Preparation of purified capillaries

Brain capillaries were isolated from cerebral cortices of 20
day-old rats according to the method of Goldstein et al.,
(1975). The isolation buffer was oxygen-saturated and con-
tained NaCl (147 mM), KCl (4 mM), CaCl, 3 mM), N-2
hydroxyethyl-piperazine-N’-2-ethansulfonic acid (HEPES)
(15mM), pH 7.4, glucose (S5mM) and 1% (w/v) bovine
serum albumin (BSA, Fraction V). The quality of each
preparation was monitored by phase contrast microscopy
(Homayoun et al., 1985).

Incubations

Isolated brain capillaries were washed twice with incu-
bation medium (modified Krebs buffer) containing MgCl,
(1.2mM), NaHCO, (4.0 mM), KCl (5.4 mM), NaH,PO,
(15.7 mM), NaCl (111.2mM) and variable concentrations
of glucose (Pleasure and Towfighi, 1972) which was adjusted
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to pH 7.4. Incubations were carried out at 37°C as described
previously (Homayoun et al., 1987) and contained 10 pCi
of radiolabelled [U-'*Clglucose, or [3-'“*Clacetoacetate or
p-3-[3-"*Clhydroxybutyrate and variable concentrations of
non-labelled precursors in 0.5 m! of medium. The inhibitory
effect of ketone bodies on glucose utilization was studied in
the presence of 5 mM glucose with varying concentrations
of acetoacetate or D-3-hydroxybutyrate. The incubation was
then stopped by adding ice-cold buffer. The capillaries were
washed twice with Krebs buffer to ensure the removal of
radiolabelled substrates. Lipids were extracted with
chloroform-methanol (2:1) (Folch e al., 1957) followed by
sonication (Pollet er al., 1978). An aliquot of the lipid
extract was counted to estimate total incorporation of label
into total lipids. From another aliquot neutral lipids were
separated by thin-layer chromatography using hexane-
ether—acetic acid (75:23:2) as developing solvent. Sepa-
ration of phospholipids into subclasses was achieved using
a solvent system described by Vitiello and Zanetta (1978).
Lipids were visualized by iodine vapor. Distribution of
radioactivity among lipid subclasses was determined by
scraping lipid zones from chromatographic plates into
counting vials to which 10m! of Beckman scintillation
solution (HP) was added. Aliquots of the lipid extracts were
fractionated after alkaline hydrolysis into a non-saponifi-
able fraction (sterol) and a saponifiable water-insoluble
fraction (fatty acids) (Koper er al., 1981). Parallel incu-
bations were performed to measure '*CO, production (Sykes
et al., 1986). Incubations were carried out under the same
conditions in sealed flasks containing a centre well for
trapping "“CO, on filter paper saturated with 10 M KOH.
After 2h of incubation, the reactions were stopped by
adding 100 u1 of 3M HCI, after 30 min of equilibrium the
filter paper was removed and trapped radioactivity was
measured in a liquid scintillation spectrometer. Quenching
corrections were made using external standard method, in
a Packard Tri-Carb 4530 spectrophotometer. Samples for
background activity were incubated either without capillar-
ies or with capillaries but at 0°C. Protein content of the
capillaries was determined according to Lowry ef al. (1951).
Data were analysed for statistical significance using
Student’s :-test.

RESULTS

The metabolism of acetoacetate and p-3-hydroxy-
butyrate in isolated capillaries from developing rat
brain was investigated in the presence of SmM
glucose (physiological level). Figure 1(A) and (B)
shows the utilization of both ketone bodies for energy
production and their incorporation into total lipids.
The utilization of both substrates increased by in-
creasing their concentration in the medium up to
5 mM. The oxidation of acetoacetate was comparable
with that of hydroxybutyrate, whereas its incorpor-
ation into total lipids and fatty acids were greater.
However, the difference was statistically significant
only at 5 mM. Increasing the concentration of ketone
bodies in the incubation medium increased their

incorporation into total lipids more than their oxi-
bl
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Fig. 1. Comparison of acetoacetate (A), D-3-hydroxy-
butyrate () and glucose (@) as substrate for brain capillar-
ies of developing rats. The incubation medium contained
10 uCi of [3-"*Clacetoacetate (10 mCi/mmol), p-3-[3-"*C]hy-
droxybutyrate (56 mCi/mmol); or [U-"Clglucose (355 mCi/
mmol) and varying concentrations of unlabelled substrates.
Acetoacetate and D-3-hydroxybutyrate utilization were
studied in the presence of SmM glucose. Results are
mean + SEM (n =3). (A) CO, production; (B) incorpo-
ration into total lipids. Significantly different from glucose;
*P <0.05; **P <0.001.

dation to CO,. Thus the ratio of CO,/lipid synthesis
diminished with increasing substrate concentration
(from 20 at 0.2mM to 2 at 5 mM). Therefore, the
oxidation as well as the incorporation of ketone
bodies into total lipids were dependent on their
concentration in the medium.

The utilization of [U-"*C]glucose was studied in the
absence of ketone bodies to determine whether there
is a preferential utilization of ketone bodies com-
pared to glucose in isolated brain capillaries of
developing rat brain. The oxidation of glucose to CO,
increased sharply [Fig. 1{A)] and reached a plateau at
a glucose concentration of 1mM, whereas its
incorporation into total lipids [Fig. 1(B)] continued to
rise up to glucose concentration of 5 mM. Compared
to ketone bodies, glucose oxidation in isolated
capillaries from developing rat brain was signifi-
cantly higher. However, at 5mM, CO, production
from acetoacetate was comparable with that of
glucose. The incorporation of glucose into total lipids
was not significantly different from acetoacetate and
3-hydroxybutyrate at concentrations lower than
1 mM. At higher concentrations (5 mM), acetoace-
tate incorporation into total lipids was significantly
higher than that of glucose and hydroxybutyrate.
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Table 1. Distribution of radioactivity among lipid classes of isolated brain capillaries of
developing rats

Lipid classes (%)

Substrates 7 Phospholipids Glycolipids Neutral lipids
{3-'*CJAcetoacetate 211+39 17.2+1.9 54.6 +3.7
D-3-[3-"C]Hydroxybutyrate 28.7+4.1 13.6 +3.7 522+52
[U-"*C]Glucose 83.2 +0.8** 48 £ 1.5* 59 £1.2*

Values are the percentage of total incorporation, mean + SEM. Significantly different from

ketone bodies; **P < 0.001.

Thin-layer chromatography of lipid extracts re-
vealed that ketone bodies were more incorporated
into neutral lipids (compared to other lipid classes),
while [U-"'4C]glucose was incorporated mainly into
phospholipids (Table 1).

The contribution of ketone bodies and glucose to
de novo synthesis of total fatty acids is shown in
Fig. 2. Fatty acid synthesis increased with increasing
concentrations of precursors in the medium. At con-
centrations > 1 mM there was a preferential incorpo-
ration of acetoacetate into total fatty acids compared
to D-3-hydroxybutyrate and glucose, however, this
difference was not statistically significant unless at
5mM. The incorporation of both ketone bodies as
well as glucose into cholesterol was very low
(~1 pmol/h/mg protein).

Effect of ketone bodies on glucose utilization

Since in vivo both glucose and ketone bodies are
available to the developing rat as carbon sources for
oxidation and lipogenesis, it was interesting to in-
vestigate the effect of ketone bodies on glucose
utilization. [U-"*C]glucose was incubated in the
presence of increasing concentrations of acetoacetate
or D-3-hydroxybutyrate (0.5-5.0mM) [Fig. 3(A)
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Fig. 2. Conversion of [3-"“CJacetoacetate (&), D-3-[3-"*Clhy-
droxybutyrate (M) and [U-'"*C]glucose (@) into fatty acids
in isolated brain capillaries of developing rats. Incubations
were carried out as described (cf. Fig. 1). Results are the
mean of three separate experiments, SEMs were 5-10% of
the mean values. .
i

and (B)]. The inhibitory effect of acetoacetate and
D-3-hydroxybutyrate on glucose utilization was
different. Addition of 0.5mM acetoacetate to the
incubation medium [Fig. 3(B)] reduced the incorpor-
ation of glucose into total lipids by 60% and there
was little changes at higher concentrations of aceto-
acetate in the medium. CO, production was less
affected and their was only 30% of reduction at
0.5mM acetoacetate in the medium, and minor
changes was observed thereafter.

The inhibitory effect of D-3-hydroxybutyrate was
dependent on the concentration of this substrate in
the medium. The reduction was about equal for both
CO, production and the lipid synthesis. It was about
40% at 0.5mM and reached the maximum level
(~60%) at 2.5 mM D-3-hydroxybutyrate.
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Fig. 3. Effect of D-3-hydroxybutyrate (A) and acetoacetate
(B) on the metabolism of [U-*“C]glucose in isolated brain
capillaries of developing rats. Incubations were carried out
in the presence of 5 mM glucose and varying concentrations
of acetoacetate or hydroxybutyrate. Results are the
mean + SEM (n =3). (4, A), CO, production; (I, A),
incorporation into total lipids. Significantly different from
control values; *P < 0.05; **P < 0.001.




432
DISCUSSION

Isolated brain capillaries of developing rat brain
utilize both ketone bodies for production of energy
and lipid synthesis. Oxidation as well as their incor-
poration into total lipids (Fig. 1) and total fatty acids
(Fig. 2) were dependent on the concentration of
ketone bodies in the medium even when it is more
than their physiological levels (>2mM). Similar
results have been reported for utilization of ketone
bodies in brain slices (Patel and Owen, 1977; Ide
et al., 1969) and oligodendrocytes (Sykes et al., 1986).
The incorporation of acetoacetate into total lipids
and total fatty acids was higher than that of
D-3-hydroxybutyrate. This difference is probably due
to the mitochondrial localization of hydroxybutyrate
dehydrogenase (EC 1.1.1.30). Compared to adults
(Homayoun and Bourre, 1987) ketone body utiliza-
tion, especially for lipid synthesis, was significantly
greater in cerebral capillaries from developing rats.
The higher rate of capillary permeability to ketone
bodies during the suckling period (Cremer et al.,
1976) may favour their utilization in developing
animals. Moreover, the activities of enzymes in-
volving in ketone body metabolism in cerebral capil-
laries might be greater during the suckling period as
is the case in whole brain (Robinson and Williamson,
1980). The incorporation of these substrates into
cholesterol was very low. Therefore, as in neurons
and astrocytes (Lopes-Cardozo er al., 1986) and
oligodendrocytes (Sykes et al., 1986), acetoacetate is
not a cholesterogenic precursor in endothelial cells of
brain capillaries in developing rats.

Glucose oxidation in capillaries of developing rats
was concentration dependent up to | mM glucose in
the incubation medium, whereas its incorporation
into total lipids continued to rise with substrate
concentration up to 5 mM. This suggests that the
conversion rate of glucose into lipids is under
different metabolic control than is the case with
ketone bodies (Ide er al., 1969). Compared to ketone
bodies, glucose was preferentially used for energy
production. However, at higher concentrations
(5mM), CO, production from ketone bodies was
comparable to that from glucose. The incorporation
of glucose into total lipids was not significantly
different from ketone bodies. Only at high substrate
concentrations (5 mM) was it less than acetoacetate.
Glucose incorporation into fatty acids was lower
than that of acetoacetate but this difference was
statistically significant at 5mM concentration, and
glucose labelled mainly the glycerol moiety of
glycerolipids. The presence of either acetoacetate
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or D-3-hydroxybutyrate lowered the utilization of
[U-C]glucose. Presence of either 0.5mM aceto-
acetate or 2.5 mM D-3-hydroxybutyrate reduced both
oxidation of [U-'*C]glucose and its incorporation into
total lipids by about 30 and 60% respectively. Similar
results have been obtained with brain slices from
1 week old rats (Patel and Owen, 1977) and other
brain cells (Sykes et al., 1986). The lower reduction
observed for CO, production might be due to the
high activity of pentose phosphate pathway in brain
capillaries (Spatz and Mrsulja, 1982).
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