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2-Hydroxybutyric acid and brain energy and lipid synthesis

Inhibition of in vitro CO2 production
and lipid synthesis by 2-hydroxybutyric
acid in rat brain
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Abstract

2-Hydroxybutyric acid appears at high concentrations in situations
related to deficient energy metabolism (e.g., birth asphyxia) and also
in inherited metabolic diseases affecting the central nervous system
during neonatal development, such as �cerebral� lactic acidosis, glu-
taric aciduria type II, dihydrolipoyl dehydrogenase (E3) deficiency,
and propionic acidemia. The present study was carried out to deter-
mine the effect of 2-hydroxybutyric acid at various concentrations (1-
10 mM) on CO2 production and lipid synthesis from labeled substrates
in cerebral cortex of 30-day-old Wistar rats in vitro. CO2 production
was significantly inhibited (30-70%) by 2-hydroxybutyric acid in
cerebral cortex prisms, in total homogenates and in the mitochondrial
fraction. We also demonstrated a significant inhibition of lipid synthe-
sis (20-45%) in cerebral cortex prisms and total homogenates in the
presence of 2-hydroxybutyric acid. However, no inhibition of lipid
synthesis occurred in homogenates free of nuclei and mitochondria.
The results indicate an impairment of mitochondrial energy metabo-
lism caused by 2-hydroxybutyric acid, a fact that may secondarily lead
to reduction of lipid synthesis. It is possible that these findings may be
associated with the neuropathophysiology of the situations where 2-
hydroxybutyric acid is accumulated.
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2-Hydroxybutyric acid originates from 2-
ketobutyrate which is a product of the ca-
tabolism of the amino acids 2-aminobutyrate,
methionine, threonine, and homoserine (1,2).
The conversion of 2-ketobutyrate to 2-hy-
droxybutyric acid occurs when the NADH/
NAD+ ratio is increased in the cytosol (2), as
observed in renal tissue biopsies after ische-
mia provoked by clamping the renal artery
(3). High excretion of 2-hydroxybutyric acid
also occurs in neonates with severe birth
asphyxia causing encephalopathy (4), and in

some �cerebral� organic acidemias such as
glutaric aciduria type II (5) and dihydrolipoyl
dehydrogenase (E3) deficiency which pro-
duces a combined deficiency of pyruvate, a-
ketoglutarate and branched-chain a-keto acid
dehydrogenases (6). Increased concentrations
of 2-hydroxybutyric acid were also observed
in cerebrospinal fluid (CSF) of patients pre-
senting �cerebral� lactic acidosis (which may
be due to biotinidase deficiency or to some
mitochondriopathies), and propionic aci-
demia (7). These inherited metabolic disor-
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ders are clinically characterized by severe
neurological manifestations such as mental
retardation, convulsions, neuropsychomotor
delay, ataxia and alteration of muscle tonus
and by significant brain atrophy (8). Normal
levels of 2-hydroxybutyric acid range from
11 to 86 µmol/l in CSF and from 8 to 80
µmol/l in plasma, whereas in these organic
acidemias CSF levels may achieve 1.7 mM
(7,9), reflecting its accumulation in the cen-
tral nervous system (CNS). We recently re-
ported preliminary results showing an inhi-
bition of CO2 production by 2-hydroxybu-
tyric acid (10).

Therefore, since 2-hydroxybutyric acid
is present at high concentrations in the brain
of patients with various neurodegenerative
disorders (4-7,8) and lipid synthesis is cru-
cial to the normal development and function
of the CNS (e.g., myelination and synapto-
genesis) (11), in the present study we inves-
tigated the influence of 2-hydroxybutyric
acid on lipid synthesis in cerebral cortex of
young rats. The effect of the acid on brain
CO2 production was also determined.

All chemicals were purchased from Sigma
Chemical Co., St. Louis, MO, USA, except
for the radiolabeled compounds ([U-14C]-
acetate and [1,5-14C]-citrate) which were pur-
chased from Amersham International plc,
Little Chalfont, UK. We used in the experi-
ments a commercially available DL isomer
mixture of 2-hydroxybutyric acid. Thirty-
day-old Wistar rats bred in this laboratory
were used. Rats had free access to a 20%
protein commercial chow and water and were
kept in a room on a 12-h light/dark cycle at a
temperature of 24 ± 1oC. Animals were killed
by decapitation without anesthesia, brains
were removed immediately and the cortex
was dissected onto an ice-cold glass plate.

Brain cortex was cut in two perpendicu-
lar directions to produce 400-µm wide prisms
using a McIlwain chopper. Prisms were
pooled and weighed.

Cerebral cortex was homogenized in
(1:10, w/v) 0.32 M sucrose, 1 mM EDTA-

K+, and 10 mM Tris-HCl buffer, pH 7.4.
The mitochondrial fraction and the ho-

mogenate free of nuclei and mitochondria
(HFNM) were prepared as follows. The ho-
mogenate was centrifuged at 3,000 g for 10
min to remove unbroken cells and nuclei.
The supernatant was centrifuged at 10,000 g
for 20 min and the pellet from the second
centrifugation containing the mitochondrial
fraction was suspended in 2 ml of the above
buffer. The supernatant from this centrifuga-
tion was used as HFNM.

The cerebral cortex prisms (50 mg) were
added to small flasks (11 cm3) containing 0.5
ml Krebs-Ringer bicarbonate buffer, pH 7.4.
The homogenates (300 µl), mitochondrial
fractions (300 µl) or HFNM (300 µl) were
added to 0.5 ml of an intracellular medium,
pH 7.4, containing 4.0 mM KCl, 0.21 mM
EDTA, 2.0 mM KH2PO4, 3.5 mM MgSO4,
59 mM NaCl, 70 mM Tris-HCl, pH 7.4, 1.2
mM ATP, and 0.16 mM NAD+ according to
the method of McKenna et al. (12). Flasks
were pre-incubated in a metabolic shaker at
37oC for 15 min (90 oscillations/min). After
pre-incubation, 0.2 µCi [U-14C]-acetate or
[1,5-14C]-citrate and the respective unlabeled
substrates were added to the incubation me-
dium at a final concentration of 0.5 mM. DL-
2-hydroxybutyric acid (buffered to pH 7.4)
was added to the incubation medium at a
final concentration of 1.0 mM. The controls
did not contain the acid. The flasks were
gassed with a O2:CO2 (95:5) mixture and
sealed with rubber stoppers and Parafilm M.
Glass center wells containing a folded 65
mm/5 mm piece of Whatman No. 3 filter
paper were hung from the stoppers. After 60
or 120 min of incubation at 37oC, 0.25 ml of
50% trichloroacetic acid was added to the
medium and 0.1 ml of benzethonium hy-
droxide was added to the center wells with
needles introduced through the rubber stop-
per. The flasks were left to stand for 30 min
to complete CO2 trapping and then opened.
The filter papers were removed and added to
vials containing scintillation fluid, and ra-
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dioactivity was measured (13). CO2 produc-
tion was calculated as µmol produced per
hour per mg protein.

Lipid synthesis from acetate was per-
formed in the same incubation medium as
used to measure CO2 production. After the
flasks were opened, brain tissue was col-
lected and homogenized and the lipids were
extracted with chloroform-methanol (2:1)
by centrifugation for 10 min at 5,000 g.
Chloroform-methanol was evaporated over-
night, scintillation fluid was added and ra-
dioactivity was measured (13). Lipid synthe-
sis was calculated as µmol of total lipids pro-
duced from acetate per hour per mg protein.

Protein was measured by the method of
Lowry et al. (14) using bovine serum albu-
min as standard. Data were analyzed by the
paired Student t-test since our in vitro exper-
imental design used samples (brain frac-
tions) from the same animal in the control
and in the test groups. One-way ANOVA
followed by the Duncan multiple range test
was also performed to test the effect of vari-
ous concentrations of the acid.

Figure 1 shows the in vitro CO2 produc-
tion from 14C-acetate in prisms or homoge-
nates and from 14C-acetate and 14C-citrate in
the mitochondrial fraction of cerebral cortex
in the presence of DL-2-hydroxybutyric acid.
The results are expressed as mean ± SEM
and correspond to percentage of controls.
The control values were 129 ± 11.2 nmol
h-1 g tissue-1. DL-2-hydroxybutyric acid in-
hibited CO2 production from acetate in prisms
(F = 20.43; P<0.01) in a dose-dependent
manner with maximal inhibition (70%) at 10
mM. The same effect occurred using homo-
genates (t = 4.70; P<0.05) and the mitochon-
drial fraction (t = 7.28; P<0.01). CO2 pro-
duction in prisms was also inhibited by 10
mM DL-2-hydroxybutyric acid when 2-h in-
cubation was performed (t = 17.88; P<0.01).
In addition, CO2 production from citrate was
also inhibited by 1 mM DL-2-hydroxybu-
tyric acid in the mitochondrial fraction (t =
4.37; P<0.05).

Figure 2 shows the effect of DL-2-hy-
droxybutyric acid on in vitro lipid synthesis
from 14C-acetate by prisms, homogenates
and HFNM of cerebral cortex. The results
are expressed as mean ± SEM and corre-
spond to percentage of controls. The control
values were 164 ± 15.9 nmol h-1 g tissue-1. It
can be seen that the acid significantly inhib-
ited lipid synthesis (F = 24.02; P<0.01) in
prisms in a dose-dependent manner with
maximal inhibition (45%) at 10 mM. The
same effect, but to a larger extent (60%), was
verified when incubation with 10 mM DL-2-
hydroxybutyric acid was carried out for 2 h (t
= 14.53; P<0.01). We also observed inhibi-
tion of lipid synthesis in homogenates (t =
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Figure 2. Effect of DL-2-hydroxy-
butyric acid (1-10 mM) on in vitro
lipid synthesis from 14C-acetate
in cerebral cortex of 30-day-old
rats. Values (means ± SEM) re-
fer to percentage of 14C-lipid
production relative to controls (N
= 4 to 8 animals). 2 h, two-hour
incubation; H, homogenate;
HFNM, homogenate free of nu-
clei and mitochondria; 0.2 µCi [U-
14C]-acetate and 0.5 mM unla-
beled acetate were present in
the incubation medium. *P<0.05
and **P<0.01 compared to con-
trol (Duncan multiple range test
for the first 3 columns and paired
t-test for the other columns).
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Figure 1. Effect of DL-2-hydroxy-
butyric acid (1-10 mM) on the in
vitro CO2 production from 14C-
acetate or 14C-citrate in cerebral
cortex of 30-day-old rats. Values
(means ± SEM) refer to percent-
age of 14CO2 production relative
to controls (N = 4 to 8 animals).
H, homogenate; MF, mitochon-
drial fraction; acet, acetate; cit,
citrate; 0.2 µCi of [U-14C]-ace-
tate or [1,5-14C]-citrate and 0.5
mM of the respective unlabeled
substrate were present in the
incubation medium. *P<0.05
and **P<0.01 compared to con-
trol (Duncan multiple range test
for the first 3 columns and paired
t-test for the other columns).
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5.56; P<0.01), but not in HFNM (t = 0.80;
P>0.05).

Although brain accumulation and excre-
tion of 2-hydroxybutyric acid occurs in en-
cephalopathy associated with hypoxia and
ischemia and in some cerebral organic
acidemias (4-7,9) in which the CSF concen-
trations of this metabolite are approximately
20- to 50-fold higher than in normal indi-
viduals, the effect of 2-hydroxybutyric acid
on brain metabolism is virtually unknown.

We have recently presented preliminary
results showing that 10 mM 2-hydroxybu-
tyric acid inhibits CO2 formation in the brain
(10). In the present study, we confirmed and
extended these findings by demonstrating a
dose-dependent effect of the acid on CO2

production from acetate and also from cit-
rate, starting at concentrations as low as 1
mM, similar to those found in CSF of pa-
tients affected by various organic acidemias.
Moreover, CO2 production was also strongly
diminished by DL-2-hydroxybutyric acid in
all brain preparations studied, but more
prominent when mitochondrial preparations
were used, a fact that suggests an intramito-
chondrial mechanism of action of 2-hydroxy-
butyric acid. In agreement with our results,
Hammer and co-workers (15) reported that
14CO2 production from threonine is inhib-
ited in isolated hepatocytes from domestic
cats in the presence of 10 mM 2-hydroxybu-
tyric acid in the incubation medium.

We also observed that DL-2-hydroxybu-
tyric acid provokes a significant and dose-
dependent inhibition of in vitro lipid synthe-
sis in prisms and homogenates of cerebral
cortex from young rats. However, when mi-
tochondria were not present in the incuba-
tion medium (HFNM), no inhibition was
detected, suggesting that mitochondria are
critical for the inhibitory effect of DL-2-
hydroxybutyric acid and/or that this inhibi-
tion cannot be possibly attributed to a direct

action of the acid on the enzymes of the lipid
synthesis pathway. Since energy is neces-
sary to lipid synthesis, it is tempting to specu-
late that the impairment of lipid synthesis
detected in our in vitro assays may be a
consequence of the inhibitory effect of DL-
2-hydroxybutyric acid on energy production
(decreased CO2 production).

Some mechanisms can be discussed to
explain our findings. A competition of 2-
hydroxybutyric acid with acetate for the same
monocarboxylic membrane transporter could
occur (16,17), reducing the availability of
the labeled substrate (acetate) to produce
14CO2 and lipids. However, this is probably
not the case since the inhibition of CO2

production and lipid synthesis persisted when
lysed membrane preparations (homogenates)
were used. In addition, when labeled citrate,
which crosses mitochondria through the tri-
carboxylic acid membrane carrier, was em-
ployed, CO2 production was still inhibited
by DL-2-hydroxybutyric acid. An alterna-
tive mechanism could be the inhibition of
acetyl CoA synthetase (EC 6.2.1.1), the en-
zyme that produces acetyl CoA from acetate.
Again, this is unlikely since this enzyme is
present in both mitochondria and cytosol
(18), and 2-hydroxybutyric acid was not able
to inhibit lipid synthesis when an HFNM
preparation is used. 2-Hydroxybutyric acid
could also sequester coenzyme A, leaving a
lower amount of CoA for acetate and citrate
binding. However, this would not explain
the differential effect of the acid on lipid
synthesis in distinct brain preparations.

It is difficult to extrapolate our findings
to the human situations in which increased
levels of 2-hydroxybutyric acid are found,
but if the human condition is similar, reduc-
tion of brain energy metabolism and lipid
synthesis may be associated with the patho-
physiology of the neurological dysfunction
found in these disorders.
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