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Abstract Ketone bodies formed during ketogenic diet or
non-treated diabetes mellitus may exert neuroprotective
and antiepileptic effects. Here, we assessed the influence of
ketone body, f-hydroxybutyrate (BHB) on the brain syn-
thesis of kynurenic acid (KYNA), an endogenous antago-
nist of glutamatergic and o7-nicotinic receptors. In brain
cortical slices and in primary glial cultures, BHB enhanced
KYNA production. KT 5270, an inhibitor of protein kinase
A, has prevented this action. At hypoglycemia, under pH
7.0 and 7.4, profound (15 mM BHB), but not mild (3 mM)
ketosis increased synthesis of KYNA. In paradigm
resembling diabetic ketoacidosis in vitro (30 mM glucose,
pH 7.0), neither mild nor profound ketosis influenced the
production of KYNA. At pH 7.4 and in 30 mM glucose
though, both mild and severe ketonemia evoked an increase
of KYNA production. The activity of KYNA biosynthetic
enzymes, KAT I and KAT II, in cortical homogenate was
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not altered by BHB (0.05-10.0 mM). However, in cultured
glial cells exposed to BHB (10 mM), the activity of KATs
increased. This effect was reversed by the co-incubation of
cells with KT 5270. Presented data reveal a novel mech-
anism of action of BHB. Increased synthesis of KYNA in
the presence of BHB is most probably mediated by protein
kinase A-dependent stimulation of KATSs expression/
activity leading to an increase of KYNA formation.
Ensuing attenuation of the excessive excitatory glutamate-
mediated neurotransmission may, at least in part, explain
the neuroprotective actions of BHB.

Keywords Rat brain - Kynurenic acid - Ketogenic diet -
Ketoacidosis - f-Hydroxybutyrate - Protein kinase A

Abbreviations

BHB p-Hydroxybutyrate

HPLC High pressure liquid chromatography

KT 5270 (9R,10S8,125)-2,3,9,10,11,12-Hexahydro-10-
hydroxy-9-methyl-1-0x0-9,12-epoxy-1H-
diindolo[1,2,3-fg:3',2,1’-kl]pyrrolo[3,4-i][1,6]
benzodiazocine-10-carboxylic acid hexyl ester

KAT Kynurenine aminotransferase

KRB Krebs—Ringer buffer

KYNA Kynurenic acid

Introduction

Ketone bodies, fS-hydroxybutyrate (BHB), acetoacetate,
and acetone, are produced during incomplete oxidization of
fatty acids which takes place during inadequate supply of
glucose. In the brain, BHB and acetoacetate are the primary
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source of energy at early development, in the course of
fasting, non-treated diabetes or high-fat diet (Fukao et al.
2004; Hartman and Vining 2007). Synthesized in periphery
ketones easily penetrate via blood—brain—barrier. Locally,
astrocytes may generate ample amounts of ketone bodies
(Cullingford 2004).

Low-glucose, high-fat food regimen increasing serum
level of ketones (ketogenic diet) is recognized for a long
time as a valuable alternative treatment of epilepsy
(Wheless 1995; Gasior et al. 2006). Such diet is surpris-
ingly effective among a substantial number of patients with
pharmacoresistant and was suggested to exert long-lasting
disease-modifying actions (Lefevre and Aronson 2000;
Gasior et al. 2006; Hartman et al. 2007). Therapeutic
effects of ketogenic diet were attributed to various mech-
anisms including alterations in brain energy or altered
handling of glutamate (Bough et al. 2006; Yudkoff et al.
2008). Most of the theories, however, indicate the crucial
role of the profound rise in ketones level in the antiepi-
leptic action of ketogenic diet.

Increasing experimental evidence revealed that ketone
bodies display also neuroprotective effects in various
models of neuronal injury, including Alzheimer’s and
Parkinson’s disease (Kashiwaya et al. 2000; Cheng et al.
2010). However, the precise mechanisms underlying their
efficacy are far from understanding. Ketones were sug-
gested to enhance GABA formation, reduce the oxidative
stress, or exert anti-inflammatory effects (Gasior et al.
2006). There are also limited data indicating that ketones
may attenuate the glutamate-mediated neuronal cell loss
(Noh et al. 2006).

Kynurenic acid (KYNA) is an endogenous neuroactive
product of tryptophan metabolism formed within the brain
and in the periphery, along kynurenine pathway, in the
process catalyzed by kynurenine aminotransferases (KAT
[-IIT) (Guidetti et al. 1997; 2007). Brain KYNA is synthe-
sized preferentially, but not exclusively, within astrocytes
and its extracellular levels are within nanomolar range
(Moroni et al. 1988; Turski et al. 1989; Németh et al. 2006).
Neuroprotective and anticonvulsant actions of KYNA,
demonstrated in different experimental settings, are linked
mainly with the inhibition of strychnine-insensitive site of
N-methyl-p-aspartate (NMDA) receptors (Urbanska et al.
1991; Stone et al. 2001; Schwarcz and Pellicciari 2002;
Németh et al. 2006). Due to the fact that KYNA blocks
NMDA receptors at higher concentrations than these found
physiologically in the brain (Stone et al. 2001; Schwarcz
and Pellicciari 2002), its role in the modulation of gluta-
mate-mediated neurotransmission has been received skep-
tically for some years. However, recent discoveries have
reinforced the hypothesis suggesting an important role of
KYNA in brain physiology and pathology. It was demon-
strated that high nanomolar levels of KYNA are sufficient to

block noncompetitively o7 nicotinic receptors or to increase
the expression of o4f2 nicotinic receptors, whereas low
nanomolar amounts of compound reduce the presynaptic
release of glutamate (Carpenedo et al. 2001; Hilmas et al.
2001; Luccini et al. 2007).

The regulation of KYNA formation was evaluated under
in vitro and in vivo conditions. A number of endogenous and
exogenous factors influencing the central production of
KYNA have been recognized. For example, mitochondrial
toxins compromising the status of mitochondrial respiration,
endogenous sulfur-containing amino acids and inhibitors of
protein kinase A activity reduce formation of KYNA,
whereas rise of intracellular cAMP level stimulates KYNA
production (Urbanska et al. 1997; Luchowski et al. 2002;
Kocki et al. 2003; Luchowska et al. 2005, 2009; Kloc et al.
2008). It was also shown that hyperglycemia enhances the
inhibitory effect of mitochondrial toxins and p,L-homocys-
teine on the central production of KYNA (Chmiel-Perzyrniska
et al. 2007).

Here, we aimed to assess the influence of ketone body,
p-hydroxybutyrate (BHB) on KYNA synthesis in vitro,
using paradigms partially resembling ketogenic diet and
acute diabetic ketoacidosis.

Materials and Methods
Animals

Brain tissue was obtained from (A) adult male Wistar rats,
weighing 220-250 g (studies ex vivo, in cortical slices) or
from (B) 1-2 days old Wistar rats of both sexes (studies in
glial cultures). Animals were housed under standard labo-
ratory conditions, at 20°C environmental temperature, with
food and water available ad libitum. The experimental
procedures used herein were approved by the First Local
Ethics Committee in Lublin and complied with the Euro-
pean Communities Council Directive on the use of animals
in experimental studies.

Substances

L-Kynurenine sulfate salt, kynurenic acid, p-glucose and
D,L(#%) 3-hydroxybutyrate sodium salt (BHB) were obtained
from Sigma-Aldrich (St Louis, USA). (9R,108S,125)-2,3,
9,10,11,12-Hexahydro-10-hydroxy-9-methyl-1-0x0-9,12-
epoxy-1H-diindolo[1,2,3-fg:3",2,1’-kl]pyrrolo[3,4-i][1,6]
benzodiazocine-10-carboxylic acid hexyl ester (KT 5720)
was purchased from Tocris (Bristol, UK). All the high
pressure liquid chromatography (HPLC) reagents were
supplied by J.T.Baker Laboratory Chemicals (Holland).
Other reagents were obtained from POCH (Gliwice,
Poland).
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KYNA Synthesis Ex Vivo in Cortical Slices

Synthesis of KYNA in rat cortical slices was carried out as
described before (Urbanska et al. 1997). Slices
(1 x 1 mm) were freshly prepared from frontal cortices of
naive rats using Mcllwain tissue chopper, placed at random
into culture wells (8 slices per well), and incubated in
Krebs-Ringer buffer (KRB) in a final volume of 1 ml.
Standard KRB contained: 118.5 mM NaCl, 4.75 mM KCl,
1.77 mM CaCl,, 1.18 mM MgSO,, 12.9 mM NaH,PO,,
3 mM Na,HPO,, 5 mM glucose and was oxygenated for
30 min with gas mixture (95% O,—5% CO,). The follow-
ing versions of KRB were used: (A) partially resembling
ketogenic diet (0.5 mM glucose; pH 7.0 or 7.4, (B) par-
tially similar to diabetic ketoacidosis (30 mM glucose; pH
7.0) or acute ketosis (30 mM glucose; pH 7.4). The pH 7.0
of KRB was obtained by titration with minimal quantity of
2 mM HCIl. After the preincubation period (15 min),
studied substances were added to each well. The incubation
(37°C, 2 h) was started by addition of L-kynurenine (final
concentration 10 pM). At least six wells were used for each
concentration of studied substances. Blanks contained all
components of the incubation buffer except for the brain
tissue. Upon ending the incubation period, media were
rapidly separated from the tissue, acidified with 0.1 ml of
1 N HCI and 14 pl of 50% trichloroacetic acid and cen-
trifuged (8730 g, 5 min, 4°C). Supernatants were applied
to the cation-exchange columns (Dowex 50W, hydrogen
form), prewashed with 1 ml of water and 1 ml of 0.1 N
HCI. Columns were subsequently washed with 1 ml of
0.1 N HCI and 1 ml of water. KYNA was eluted with
2.5 ml of water. Each experiment was repeated at least
twice.

KYNA Synthesis in Mixed Glial Cultures

Mixed glial cell cultures were prepared from the brains of
postnatal Wistar rats (days 1-2), as described previously
(Luchowska et al. 2009). Briefly, forebrains were stripped
of meninges, chopped into small chunks, trypsinized,
and seeded (one brain/75 cm?) in culture flasks (Falcon,
Switzerland) containing 10 ml of Basal Medium Eagle
with Earle’s salts (BME, Biochrom AG, Berlin), supple-
mented with 2 mM L-glutamine, penicillin—streptomycin
(500 TU/mlI-500 UG/ml; Gibco-BRL) and containing 10%
heat-inactivated fetal bovine serum (Gibco, InVitrogen).
The medium was replaced twice a week. Cultures were
maintained at 37°C in a 5% CO,/95% air atmosphere. After
14-15 days, cells were replated on poly-L-lysine-coated
24-microwell plates (Nunc), and medium was replaced
every third day. After approx. 1 week, a confluent astro-
cytic monolayer developed with scattered oligodendrocytes
and microglia on top. Approx. 75-80% of the cells were
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glial fibrillary acidic protein-positive (as revealed by
immunostaining). The production of KYNA was assessed
in tissue cultures after 20-22 days in vitro.

The influence of tested compounds on the synthesis of
KYNA was evaluated using different exposure times.
Experimental procedures involved 2, 4 or 24 h incubation.
During 2 h incubation, the medium was replaced with
freshly prepared KRB (composed as above). Substances
were added to cultures 15 min prior to the addition of
L-kynurenine (final concentration 10 pM). The incubation
with KYNA substrate lasted always for 2 h. During longer
exposure times, the medium was initially changed into the
fresh one, and the compounds were added to cultures (start
point determining the beginning of incubation). Prior to the
addition of L-kynurenine, i.e., 2 h before the end of incu-
bation, the medium was replaced again with freshly pre-
pared KRB. Fresh solutions of tested compounds were
added again to the incubation media. This procedure
ensured that cells were exposed to studied substances
throughout the entire incubation time. Blanks contained all
of the incubation buffer components, except for the cul-
tured cells. Controls received an appropriate amount of
saline. Further analyses were performed as indicated
above.

Kynurenine Aminotransferases (KAT I and KAT II)
Activity

Semi-Purified Cortical Homogenate

The activities of KAT I and KAT II were assayed in naive
set of animals, as described before (Kocki et al. 2003).
Briefly, freshly obtained cortical brain tissue (whole cor-
tices) was homogenized (1:9; wt:vol) in 5 mM Tris—acetate
buffer, pH 8.0, containing 50 uM pyridoxal-5'-phosphate
and 10 mM 2-mercaptoethanol. The resulting homogenate
was centrifuged (8730 g; 10 min), the supernatant was
placed in cellulose membrane dialysis tubing (Sigma) and
dialyzed overnight at 8°C, against 4 1 of the Tris—acetate
buffer, composed as above. The obtained semi-purified
enzyme preparation was incubated in the reaction mixture
containing 2 pM L-kynurenine, 1 mM pyruvate, 70 uM
pyridoxal-5'-phosphate, 150 mM Tris—acetate buffer, and
solutions of tested drugs. The reaction was carried out at
pH of 7.0 (KAT II) or 9.5 (KAT I). Glutamine (final
concentration 2 mM), the inhibitor of KAT I, was added to
samples assaying KAT II activity. Six replicates were used
for each concentration and each experiment was repeated
twice. BHB stock solution was added (10 pl) to assayed
samples to yield final concentrations of 0.05-10.0 mM.
The appropriate amount of solvent was added to control
samples. Blanks contained the enzyme preparation that was
heat-deactivated at 100°C for 10 min. The incubation
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(37°C, 2 h) was terminated by a rapid transfer of samples
to an ice-cold water bath. Next, 14 pl of 50% trichloro-
acetic acid (wt:vol) and 100 ul of 1 N HCI were added to
each sample. Further procedures were performed as indi-
cated above.

Mixed Glial Cultures

The activity of KATs was assessed in mixed glial cultures,
prepared as above. After changing medium into the fresh
one, the cells were incubated for 4 or 24 h in the presence of
studied substances. During last 2 h of incubation, the cells
were incubated in standard KRB (5.0 mM glucose and pH
7.4). Control cells were incubated with the addition of saline.
Upon ending the incubation, media were removed and cells
were detached from the surface using 100 pl of cold, dis-
tilled H,O. The liquid containing cells from 12 wells was
harvested and combined with the same volume of 5 mM
Tris—acetate buffer, pH 8.0, containing 50 pM pyridoxal-
5'-phosphate and 10 mM 2-mercaptoethanol. The cells were
sonicated and further procedures were carried on as descri-
bed above, except for the incubation time which lasted
for 4 h.

Quantification of KYNA

Eluted KYNA was subjected to the HPLC and quantified
fluorimetrically (Varian HPLC system; ESA catecholamine
HR-80, 3 um, C,g reverse-phase column), as previously
described (Urbanska et al. 1997).

Statistical Analyses

Data are presented as a percentage of control values £ SD.
The statistical analyses were performed using one-way
analysis of variance (ANOVA), with the adjustment of
P value by the Bonferroni method.

Results

In brain cortical slices, BHB (10-20 mM) enhanced the
synthesis of KYNA (Fig. la). BHB acted similarly in
mixed astroglial cultures, but with higher potency. The
effective concentrations were in the range of 5-10 mM
(Fig. 1b). KT 5270 (0.25 uM), an inhibitor of protein
kinase A, has prevented an increase of KYNA production
induced by 10 mM BHB during 2 h incubation in tissue
cultures (95.6 =42 vs 1244 4+ 3.8% of control,;
P < 0.05) (Fig. lc).

Further, the influence of BHB on KYNA production was
studied under conditions partially resembling ketogenic
diet in vitro (cortical slices), i.e., in 0.5 mM glucose, at pH
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Fig. 1 The influence of f-hydroxybutyrate (BHB) (a, b, ¢) and
KT5270 (¢) on the kynurenic acid (KYNA) production in: a brain
cortical slices, and b, ¢ primary glial cultures. The data are presented
as a percentage of control values & SD. * P < 0.05 vs control
(ANOVA). Control—standard KRB (5.0 mM glucose, pH 7.4)

7.0 or 7.4. KYNA synthesis in 0.5 mM glucose was
reduced in both pH 7.0 and pH 7.4 (P < 0.05 vs control)
(Fig. 2a—d). BHB at concentration not changing KYNA
production per se (3.0 mM), has not affected the inhibitory
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effect of 0.5 mM glucose at both settings (Fig. 2a, b). In
contrast, in the presence of 15 mM BHB, KYNA formation
was not reduced by 0.5 mM glucose, at pH 7.0 (P < 0.05
vs 0.5 mM glucose). At pH 7.4 and in 0.5 mM glucose,
KYNA synthesis was even enhanced (P < 0.05 vs control
and vs 0.5 mM glucose) (Fig. 2c, d).

Next, the effects of BHB on KYNA synthesis were
evaluated under conditions resembling diabetic ketoaci-
dosis (30 mM glucose; pH 7.0) and acute diabetic ketosis
(30 mM glucose; pH 7.4) in vitro (Fig. 3a—d). The pro-
duction of KYNA in 30 mM glucose did not differ from
control, either at pH 7.0 or pH 7.4 (Fig. 3a—d). BHB
(3 mM) has not affected KYNA production in 30 mM
glucose, at pH 7.0 (Fig. 3a). However, 3 mM BHB sig-
nificantly enhanced synthesis of KYNA in 30 mM glucose,
at pH 7.4 (P < 0.05 vs control) (Fig. 3b). In the presence of
15 mM BHB, there was no inhibition of KYNA production
in 5 mM glucose, at pH 7.0 (P < 0.05 vs 5.0 mM glu-
cose + pH 7.0) (Fig.3c). 15 mM BHB significantly
increased KYNA synthesis in 30 mM glucose, at pH 7.4
(P <0.05 vs control and vs 30 mM glucose alone)
(Fig. 3d).
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In glial cultures, similarly as in cortical slices, at pH 7.0
and in 5.0 mM glucose KYNA production was inhibited
(P < 0.05 vs control). In 0.5 mM glucose, KYNA synthesis
was diminished at pH 7.0 and pH 7.4 (Fig. 4a, b). There was
no change in KYNA synthesis at pH 7.0 or 7.4 and in 30 mM
glucose vs control (Fig. 4c, d). In the presence of BHB
(10 mM), in 0.5 mM glucose KYNA production was not
lowered, neither at pH 7.0 nor at 7.4 pH (P < 0.05 vs
0.5 mM glucose at pH 7.0 or 7.4, respectively) (Fig. 4a, b).
In 30 mM glucose, in the presence of 10 mM BHB there was
no change in KYNA synthesis at pH 7.0 vs control, however,
at pH 7.4 the production of KYNA slightly increased
(P < 0.05 vs control) (Fig. 4c, d).

The enzymatic studies revealed that the activity of
partially purified preparation of KAT I and KAT II is not
altered by BHB (0.05-10.0 mM) (Table 1), what indicates
that BHB does not modify the function of already formed
KATs proteins. However, such analyses do not reveal any
changes in the expression pattern of the enzymes. There-
fore, we have estimated the effect of BHB (10 mM) on the
activity of KAT I and II in the mixed glial cells, following
their exposure to the compound for 4 or 24 h. In such
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paradigm, the activity of KAT II and KAT I was increased
(Table 2). This effect was reversed by the co-incubation of
cells with KT 5270 (0.25 puM) (Table 2).

Discussion

In our study, BHB stimulated brain synthesis of KYNA both
in cortical slices and in primary glial cells, at 5-20 mM
concentrations (racemic mixture of BHB). Considering the
fact that only the p(—) enantiomer occurs physiologically,
the effective concentrations were in fact two times lower
(approx. 2.5-10 mM of D-BHB). In humans, plasma con-
centrations of circulating ketone bodies range from 0.1 mM
in the postprandial state up to 6 mM during prolonged
fasting and 25 mM in uncontrolled diabetes (Robinson and
Williamson 1980; Fukao et al. 2004). In children treated with
ketogenic diet, circulating BHB reaches 4-10 mM (Hut-
tenlocher 1976; Gilbert et al. 2000), and its serum level
correlates well with the seizure control, better even than do

urine ketones (Gilbert et al. 2000; van Delft et al. 2010). In
adults, depending on the type of given ketogenic diet, serum
BHB is lower and in arange of 1-3 mM, whereas brain BHB
reaches approx. 1 mM (Johnstone et al. 2008; Pan et al.
2000). In rats, physiological plasma level of BHB attains
0.1-0.75 mM (Thavendiranathan et al. 2000; Nehlig 2004),
whereas during ketogenic diet reaches 0.8-7.5 mM (Tha-
vendiranathan et al. 2000; Likhodii et al. 2002).

Thus, the effective here concentrations of BHB are
comparable with serum BHB levels achieved during
ketogenic diet and diabetic ketosis (Gilbert et al. 2000;
Fukao et al. 2004), albeit higher than these described in
human brain (Pan et al. 2000). Providing the fact that glial
cells intensely produce BHB (Cullingford 2004), it cannot
be excluded that in the synaptic vicinity, local levels of
BHB are higher than detected in the whole brain. More-
over, levels of BHB increasing KYNA synthesis corre-
spond well with other data showing that 4-10 mM BHB
exerts neuroprotective activity (4—10 mM) in vitro (Izumi
et al. 1998; Kashiwaya et al. 2000; Imamura et al. 2006).
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Table 1 The effect of BHB on the activity kynurenine aminotrans-
ferases (KAT) I and II measured in cortical brain tissue homogenate

Compound (mM) KAT I (% of control) KAT II (% of control)

BHB 0.05 994 £29 101.1 £ 3.0
0.1 103.6 £ 3.5 97.6 £4.1
1.0 105.8 £ 4.0 99.0 £ 3.7
2.0 954 £39 929 £ 25
5.0 1072 £ 34 98.5 £ 4.7
10.0 104.1 £4.2 104.7 £ 3.3

The results are presented as the percentage of control values + SD.
Dialysate of cortical brain homogenate was incubated with
f-hydroxybutyrate (BHB) in specific buffers for KAT I and II, for 2 h

Our data confirm the earlier results demonstrating that
acidosis or hypoglycemia inhibit synthesis of KYNA in rat
cortical slices (Turski et al. 1989). We show that the effect
of acidosis is enhanced by the hypoglycemia, and con-
versely, that hyperglycemia may restore the acidosis-
impaired production of KYNA to control levels. However,
as found previously (Chmiel-Perzyniska et al. 2007),
hyperglycemia does not enhance KYNA production per se.
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The effect of BHB was studied in vitro using buffers
partially resembling major serum changes in ketogenic diet
and acute diabetic ketoacidosis. The first condition is
characterized by high level of circulating ketones accom-
panied by mild to severe hypoglycemia (Cullingford 2004;
Greene et al. 2001). Blood pH usually remains within
physiological range (Huttenlocher 1976; Gilbert et al.
2000), but some authors suggest that acidosis can also
occur and contributes in part to therapeutic effects of
ketones (al-Mudallal et al. 1995; Schwartzkroin 1999).
Thus, in our study, ketogenic diet-like KRB contained low-
glucose (0.5 mM), and was of pH 7.0 or 7.4. Ketoacidosis
is a complex of acute metabolic disturbances resulting from
insulin deficiency and increased concentrations of antago-
nistic hormones. It typically includes triad of hyperglyce-
mia, acidosis and increased total body ketones (Kitabchi
et al. 2009). In here, BHB used in KRB containing 30 mM
glucose and of pH 7.0 was considered to create milieu
resembling diabetic ketoacidosis.

We found that profound (15 mM BHB), but not mild
(3 mM) ketosis enhanced the synthesis of KYNA in 5.0
and 0.5 mM glucose, at physiological pH. At pH 7.0,
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Table 2 The effect of BHB and KT 5270 on the activity of kynurenine aminotrasferases (KAT) I and II in primary glial cells culture

Compound (mM) KAT I (% of control)

KAT II (% of control)

4h 24 h 4h 24 h
BHB (10) 128.4 £ 3.8* 123.1 £ 3.0* 122.5 +£ 5.1* 111.5 £ 4.7*
KT 5270 (0.00025) 98.6 £+ 2.9° 90.6 £+ 4.9* 93.6 + 5.4° 89.0 £ 5.5
BHB (10) + KT 5270 (0.00025) 94.2 + 3.9° 95.7 £ 5.1* 94.0 £+ 5.4° 93.9 + 4.6

The results are presented as the percentage of control values &+ SD. * P < 0.05 vs control, * P < 0.05 vs BHB (ANOVA). The cells were
incubated for 4 or 24 h, initially at standard tissue culture media, and during last 2 h of experiment in standard KRB (5.0 mM glucose, pH 7.4)

equivalent to extracellular acidosis, in 0.5 and 5.0 mM
glucose, KYNA production was reduced to approx. 50 and
80% of control. This reduction did not occur in the pres-
ence of 15 but not 3 mM BHB. In 5 mM glucose, 15 mM
BHB actually enhanced KYNA synthesis to approx. 130%
of control. These data suggest that during fasting or keto-
genic diet, high level of BHB may not only protect brain
from the reduction of KYNA elicited by hypoglycemia
and/or acidosis but actually enhance its synthesis above
control values.

Further, we have investigated the conditions resembling
acute uncontrolled ketoacidosis (30 mM glucose; pH 7.0).
As shown before (Chmiel-Perzynska et al. 2007), nonke-
totic hyperglycemia (30 mM glucose) did not change the
brain synthesis of KYNA at pH 7.4. Interestingly, at pH 7.0
there was no reduction of KYNA synthesis in 30 mM
glucose in contrast to lowered synthesis of KYNA when
glucose was of 5 mM concentration. Neither 3 nor 15 mM
BHB influenced the production of KYNA at pH 7.0 and in
30 mM glucose, i.e., KYNA level remained within control
values. At pH 7.4 and in 30 mM glucose though, both mild
and severe ketonemia evoked an increase of KYNA pro-
duction vs control. These data suggest that brain KYNA
levels stay unaltered in diabetic ketoacidosis. However,
when extracellular pH returns to physiological values, the
synthesis of KYNA may actually rise above control. Thus,
correction of pH might be an important factor elevating
brain KYNA levels during acute diabetic ketoacidosis.

Ample amounts of BHB are produced during ketogenic
diet, recognized nowadays as valuable alternative therapy in
pharmacoresistant epilepsy (Lefevre and Aronson 2000;
Gasior et al. 2007; Hartman and Vining 2007; Hartman et al.
2007). The antiepileptic role of BHB was questioned in the
view of data showing that in some animal models only ace-
tone and acetoacetate, but not BHB, are effective (Rho et al.
2002). However, recent in vitro results demonstrate that pre-
treatment with BHB diminishes the occurrence of hypogly-
cemia-induced seizures in the immature intact hippocampus,
and reduces post-hypoxic hyperexcitability in organotypic
hippocampal slice culture (Samoilova et al. 2010; Abd-
elmalik et al. 2007). In the view of our data, it is not clear
whether reported ~ 150% increases in KYNA levels after the

exposure to BHB are relevant as regards antiepileptic
potential of ketogenic diet. We have previously reported that
significant increases in KYNA levels (~150-200%) are
produced by a number of antiepileptic drugs including:
phenobarbital, felbamate, phenytoin, and lamotrigine but not
by vigabatrin, gabapentin, and tiagabine (Kocki et al. 2006).
If increases in KYNA had been indeed involved in the
anticonvulsant effects produced by the KD, then the anti-
epileptic drugs that produce similar or greater increases in
KYNA should have been effective in refractory epilepsy.
Conversely, if increases in KYNA had been indeed involved
in the anticonvulsant effect produced by the KD, then the
antiepileptic drugs that reduce levels of KYNA should have
been expected to worsen the refractory epilepsy, which was
not observed clinically. Nevertheless, the described here
increases of KYNA after administration of BHB, despite not
having most probably anticonvulsant effects, could exert
neuroprotective action, considered nowadays an important
factor in preventing progressive worsening of epilepsy
(Klitgaard and Pitkénen 2003; Noh et al. 2008).

The increase of KYNA reported here is comparable with
the enhancement of KYNA synthesis (150-250%) observed
also in other in vitro studies, e.g., following application of
memantine, low concentrations of b,L.-homocysteine, some
f-adrenergic agonists or cAMP analogues, as well as after
administration of f-adrenergic agonists in vivo (Luchowska
et al. 2005, 2009; Kloc et al. 2008). It is lower though, than
after in vivo application of KYNA precursor, L-kynurenine
together with probenecid, reported to increase brain KYNA
several-fold (Miranda et al. 1997; Shepard et al. 2003). Yet,
having in mind that already nanomolar levels of KYNA
block o7 nicotinic receptors and reduce the presynaptic
release of glutamate (Carpenedo et al. 2001; Hilmas et al.
2001; Luccini et al. 2007), found enhancement of KYNA
synthesis evoked by BHB seems to be clinically relevant,
especially as regards potential neuroprotective effects of
ketone bodies.

The mechanisms of central action of ketones such as
acetoacetate or BHB, apart from their influence on the energy
metabolism, are not fully clear. Experimental evidence
suggests that ketones may augment the GABA-mediated
inhibitory neurotransmission, reduce the formation of free

@ Springer



48

Neurotox Res (2011) 20:40-50

radical or exert direct anti-inflammatory and neuroprotective
action (Gasior et al. 2006). BHB and acetoacetate do not
seem to affect directly the excitatory synaptic transmission
(Thio et al. 2000; Leite et al. 2004). In astrocytic cultures,
2-20 mM BHB caused transient activation of astrocytes and
increased S100B protein concentration in extracellular space
(Leite et al. 2004). Neurotoxic effects induced by mito-
chondrial toxins, 3-NPA and 1-methyl-4-phenylpyridinium
(MPP™), were prevented by 4-8 mM BHB (Kashiwaya et al.
2000; Imamura et al. 2006). BHB, at 0.5-10.0 mM con-
centration, protected neurons from structural changes
evoked by limited glucose availability or inhibition of gly-
colysis (Izumi et al. 1998). Similarly, BHB was neuropro-
tective against hypoxia and ischemia both in vitro and in vivo
(Masuda et al. 2005; Suzuki et al. 2002). Thus, BHB is an
endogenous compound displaying reliable neuroprotective
effects, what makes it an interesting candidate for pre-
venting neuronal loss, not only related to seizures or
metabolic insults, but also in the course of neurodegen-
erative disorders (Kashiwaya et al. 2000; Noh et al. 2006;
Cheng et al. 2010).

Recently, it was demonstrated that BHB may change the
mRNA expression of enzymatic proteins. In cultured
astrocytes, BHB suppressed the expression of GABA-T,
thus reducing astrocytic GABA degradation what possibly
may increase GABA concentration in the epileptic brain
(Suzuki et al. 2009).

Here, enzymatic analyses have not revealed any direct
influence of BHB on the activity of semi-purified prepa-
ration of KYNA biosynthetic enzymes. However, studies in
glial cultures demonstrate that BHB stimulates the
expression of KAT I and II, what could explain the
observed enhancement of de novo KYNA synthesis. Fur-
ther insight into the underlying mechanisms comes from
the experiments with KT 5720, an inhibitor of protein
kinase A. KT 5720 has prevented an increase of KYNA
production induced by 10 mM BHB in glial cultures and
abolished the BHB-evoked increase of KATs expression in
this paradigm. We have previously shown that the stimu-
latory effect of f-adrenergic agonists and memantine on
KYNA production is mediated via cAMP/protein kinase
A-related signal (Kloc et al. 2008; Luchowska et al. 2009).
Possibly, similar mechanism underlies the action of BHB.

In summary, demonstrated here results reveal a novel
mechanism of action of ketone body, BHB, associated with
an enhancement of brain KYNA synthesis. It seems that
BHB may indirectly attenuate the excessive excitatory glu-
tamate-mediated neurotransmission through an increased
availability of synaptic KYNA mediated by protein kinase
A-related pathway. Increased levels of KYNA, via interac-
tion with presynaptic NMDA receptors, can lead to reduced
glutamate release. Moreover, it cannot be excluded that the
local increases of brain KYNA evoked by BHB may be

@ Springer

sufficient to reduce the activity of postsynaptic glutamate
receptors and contribute to its neuroprotective effects.
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