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Sodium butyrate reverses the inhibition of Krebs cycle enzymes
induced by amphetamine in the rat brain
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Abstract There is increasing interest in the possibility
that mitochondrial impairment may play an important role
in bipolar disorder (BD). The Krebs cycle is the central
point of oxidative metabolism, providing carbon for bio-
synthesis and reducing agents for generation of ATP.
Recently, studies have suggested that histone deacetylase
(HDAC) inhibitors may have antimanic effects. The present
study aims to investigate the effects of sodium butyrate
(SB), a HDAC inhibitor, on Krebs cycle enzymes activity in
the brain of rats subjected to an animal model of mania
induced by p-amphetamine (D-AMPH). Wistar rats were
first given D-AMPH or saline (Sal) for 14 days, and then,
between days 8 and 14, rats were treated with SB or Sal. The
citrate synthase (CS), succinate dehydrogenase (SDH), and
malate dehydrogenase (MDH) were evaluated in the pre-
frontal cortex, hippocampus, and striatum of rats. The
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p-AMPH administration inhibited Krebs cycle enzymes
activity in all analyzed brain structures and SB reversed
D-AMPH-induced dysfunction analyzed in all brain regions.
These findings suggest that Krebs cycle enzymes’ inhibition
can be an important link for the mitochondrial dysfunction
seen in BD and SB exerts protective effects against the
p-AMPH-induced Krebs cycle enzymes’ dysfunction.

Keywords Bipolar disorder - Sodium butyrate -
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Introduction

Bipolar disorder (BD) is a leading cause of morbidity and
mortality, yet its underlying pathophysiology remains
unclear (Zarate and Manji 2006). There is increasing
interest in the possibility that mitochondrial impairment
may play an important role in BD (Gigante et al. 2011),
resulting in the decreased production of ATP, which can
lead to neuronal dysfunction (Barnes and Weitzman 1986).
Brains from BD patients are under oxidative stress, which
typically accompanies mitochondrial dysfunction (Gigante
et al. 2011; Andreazza et al. 2010). In addition, several
components of the electron transport chain have been
reported to be reduced in the brains of bipolar patients
(Cataldo et al. 2010; Rollins et al. 2009).

The Krebs cycle, or citric acid cycle, is the central point
of oxidative metabolism, providing carbon for biosynthesis
and reducing agents for generation of ATP. Inactivation of
any Krebs cycle step can alter mitochondrial ATP pro-
duction (Blass and Brown 2000). In addition, alterations in
the Krebs cycle would greatly alter the rate of brain
metabolism and the production of free radicals (Lyubarev
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and Kurganov 1989; Velot et al. 1997). Some of the
enzymes that form part of the Krebs cycle are citrate
synthase (CS), malate dehydrogenase (MDH) and succi-
nate dehydrogenase (SDH). These enzymes are implicated
in some abnormalities in the central nervous system, such
as BD, depression, and schizophrenia (Hroudova and Fisar
2010; Bubber et al. 2011; Feier et al. 2013).

Citrate synthase catalyzes the first step within the cycle, the
condensation of acetyl-coenzyme A with oxaloacetate to form
citrate; it is the only enzyme in the cycle that can catalyze the
formation of a carbon—carbon bond (Wiegand and Remington
1986). MDH catalyzes the conversion of oxaloacetate and
malate, utilizing the NAD/NADH coenzyme system. This
reaction plays a key part in the malate/aspartate transport
across the mitochondrial membrane, and in the Krebs cycle
within the mitochondrial matrix (Minard and McAlister-Henn
1991). SDH or mitochondrial complex II, is a multimeric
enzyme that is bound to the inner membrane of the mito-
chondria and has a dual role, it serves both as a critical step of
the Krebs cycle and as a member of the respiratory chain that
transfers electrons directly to the ubiquinone pool (Oyedotun
and Lemire 2004; Kantorovich and Pacak 2010).

Valproic acid (VPA), a drug used for treatment and
prophylaxis of BD, has been characterized as a histone
deacetylases (HDAC) inhibitor (Gottlicher et al. 2001).
HDAC inhibitors promote transcriptional activation by
relaxing the DNA conformation. The HDAC inhibitors,
including VPA, phenylbutyrate, sodium butyrate (SB), and
trichostatin A, cause chromatin remodeling through histone
hyperacetylation, increasing the expression of proteins
(Phiel et al. 2001). Several studies have investigated the
use of HDAC inhibitors as a treatment for a variety of
disorders (Peedicayil 2012). In previous studies, our labo-
ratory found that amphetamine decreased the activity of
mitochondrial respiratory-chain complexes in the pre-
frontal cortex, hippocampus, striatum, and amygdala of
rats, and VPA or SB were able to reverse and prevent this
impairment (Moretti et al. 2011; Valvassori et al. 2010).

The effects of stimulants, such as amphetamine, on
behavior have been widely used as an animal model of
mania because it induces psychomotor agitation, which is
commonly observed during mania. Also, locomotor activ-
ity is easily measured in rats (Berggren et al. 1978; Davies
et al. 1974). Thus, we examined the effects of SB on
activities in mitochondrial enzymes of the Krebs cycle in
the prefrontal, hippocampus, and striatum from rats sub-
mitted to an animal model of mania induced by p-AMPH.

Experimental methods

In the present study, we have extended the investigation of
the effects of SB on p-AMPH induced neurochemical
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alterations in an animal model of mania by measuring the
activities of mitochondrial enzymes of the Krebs cycle in
prefrontal, hippocampal, and striatal samples that were
kept frozen at —80 °C from one of our previous experi-
ments (Moretti et al. 2011). The detailed description of the
experiments has been published elsewhere (Moretti et al.
2011); therefore, we summarize here the treatment regi-
mens and describe the subsequent steps performed for the
present investigation.

Animals

The subjects were adult male Wistar rats (weighing
250-350 g) obtained from our breeding colony. With food
and water available ad libitum and they were maintained
on a 12-h light/dark cycle (lights on at 7:00 a.m.) at a
temperature of 22 £ 1 °C. All experimental procedures
were performed in accordance with, and with the approval
of the local ethics committee in the use of animals at the
Universidade do Extremo Sul Catarinense.

Drugs and pharmacological procedures

Rats received intraperitoneal (ip) injection of either
pD-AMPH (2 mg kg™") or Sal once a day for a period of
14 days. From the 8th to the 14th day (treatment for 7 days),
p-AMPH and Sal-treated animals also received Sal (ip,twice
a day) or SB (0.6 g kg~ ip,twice a day), totaling four
experimental groups of 12 animals per group: Sal + Sal,
Sal + SB, p-AMPH + Sal, and p-AMPH + SB. No
behavioral assessment was performed between days 1 and
14. On the 15th day of treatment, the animals received a
single injection of b-AMPH or Sal, and after 2 h , they were
killed by decapitation and prefrontal cortex, hippocampus,
and striatum were manually dissected on ice, rapidly frozen
on dry ice and stored at —70 °C until assayed.

The range of doses of SB employed in this work was
chosen based on our previous study (Moretti et al. 2011).

Activities of enzymes of Krebs cycle
Citrate synthase activity

Citrate synthase activity was assayed according to the
method described by Shepherd and Garland (1969). The
reaction mixture contained 100 mM Tris, pH 8.0, 100 mM
acetyl CoA, 100 mM 35,5’-di-thiobis-(2-nitrobenzoic acid),
0.1 % triton X-100, and 2-4 ng supernatant protein and
was initiated with 100 uM oxaloacetate and monitored at
412 nm for 3 min at 25 °C.
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Malate dehydrogenase activity

Malate dehydrogenase was measured as described by Kitto
(1969). Aliquots (20 mg protein) were transferred into a
medium containing 10 mM rotenone, 0.2 % Triton X-100,
0.15 mM NADH, and 100 mM potassium phosphate buf-
fer, pH 7.4, at 37 °C. The reaction was started by the
addition of 0.33 mM oxaloacetate. Absorbance was mon-
itored as described above.

Succinate dehydrogenase activity

Succinate dehydrogenase activity was determined according
to the method of Fischer et al. (1985), and measured by
following the decrease in absorbance due to the reduction of
2,6-di-chloro-indophenol (2,6-DCIP) at 600 nm with 700 nm
as a reference wavelength (¢ = 19.1 mM~' cm™") in the
presence of phenazine methasulphate (PMS). The reaction
mixture consisting of 40 mM potassium phosphate, pH 7.4,
16 mM succinate and 8 uM 2,6-DCIP was pre-incubated
with 40-80 pg homogenate protein at 30 °C for 20 min.
Subsequently, 4 mM sodium azide, 7 UM rotenone and
40 uM 2,6-DCIP were added and the reaction was initiated
by the addition of 1 mM PMS and was monitored for 5 min.

Statistical analysis

Data were analyzed by two-way analysis of variance fol-
lowed by the Tukey’s test, when F was significant and are
expressed as mean = SEM. All analyses were performed
using the Statistical Package for the Social Science (SPSS;
version 16.0) software.

Results

As depicted in Fig. la, CS activity was significantly
decreased in all brain structures evaluated in p-AMPH
administered rats, as compared to the control group. This
reduction was significantly reversed by the treatment with SB.

Data from the two-way ANOVA for p-AMPH admin-
istration [prefrontal cortex: F(1.12) = 13.13, p = 0.03;
hippocampus:  F(1.12) =2.72, p =0.12; striatum:
F(1.12) = 12.32, p = 0.04], treatment [prefrontal cortex:
F(1.12) = 29.95, p <0.001; hippocampus: F(1.12) =
22.35, p < 0.001; striatum: F(1.12) = 30.62, p < 0.001],
and p-AMPH administration X treatment interaction [pre-
frontal cortex: F(1.12) = 14.95, p = 0.02; hippocampus:
F(1.12) = 13.68, p = 0.03; striatum: F(1.12) = 8.89,
p = 0.01].

As can be observed in Fig. 1b, MDH activity was sig-
nificantly decreased in all brain structures evaluated of
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Fig. 1 Activities of enzymes of Krebs cycle. a Citrate synthase
activity: in the prefrontal, hippocampus, and striatum. b Malate
dehydrogenase activity: in the prefrontal, hippocampus and striatum.
¢ Succinate dehydrogenase activity: in the prefrontal, hippocampus,
and striatum. Bars represent mean =+ error; *p < 0.05 vs. Sal + Sal
group, according to two-way ANOVA followed by the Tukey’s test.
#p < 0.05 vs. p-AMPH + Sal, according to two-way ANOVA
followed by the Tukey’s test

D-AMPH administered rats as compared to the control
group. This decrease induced by b-AMPH administration
was significantly reversed by the treatment with SB.

Data from the two-way ANOVA for p-AMPH admin-
istration [prefrontal cortex: F(1.12) = 26.11, p < 0.001;
hippocampus:  F(1.12) = 85.61, p < 0.001; striatum:
F(1.12) = 16.93, p = 0.001], treatment [prefrontal cortex:
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F(1.12) = 16.82, p = 0.001; hippocampus: F(1.12) =
25.66, p < 0.001; striatum: F(1.12) = 14.49, p = 0.002],
and p-AMPH administration X treatment interaction [pre-
frontal cortex: F(1.12) = 19.23, p < 0.001; hippocampus:
F(1.12) = 7347, p <0.001; striatum: F(1.12) = 3.75,
p = 0.07].

As shown in Fig. Ic, in the prefrontal, hippocampus,
and striatum, b-AMPH administered rats displayed lower
SDH activity than the control group. This reduction was
significantly reversed by repeated treatment with SB.

Data from the two-way ANOVA for p-AMPH adminis-
tration [prefrontal cortex: F(1.12) = 11.98, p = 0.004; hip-
pocampus: F(1.12) = 2.08, p = 0.17; striatum: F(1.12) =
33.7, p < 0.001], treatment [prefrontal cortex: F(1.12) =7,
p = 0.02; hippocampus: F(1.12) = 15.39, p = 0.002;
striatum: F(1.12) = 26.47, p <0.001], and p-AMPH
administration x treatment interaction [prefrontal cortex:
F(1.12) = 12.6, p = 0.03; hippocampus: F(1.12) = 20.82,
p < 0.001; striatum: F(1.12) = 14.75, p = 0.002].

Discussion

Mitochondrial dysfunction and oxidative stress may
underlie the pathophysiology of BD (Gigante et al. 2011;
Andreazza et al. 2010). Oxidative stress can lead to neu-
rotransmitter abnormalities, DNA damage, protein inacti-
vation, altered gene expression, and apoptotic events.
Therefore, the link between oxidative mechanisms and
neuronal plasticity may be an explanation to the patho-
physiology of BD (Ben-Shachar 2002).

The effects of stimulants, such as amphetamine, on
behavior have been widely used as an animal model of
mania because it induces psychomotor agitation, which is
commonly observed during mania. Also, locomotor activ-
ity is easily measured in rats (Berggren et al. 1978; Davies
et al. 1974). Studies have suggested that alteration in the
dopaminergic system is a predominant etiological factor
for BD (Berk et al. 2007; Valvassori et al. 2010). Studies
with this animal model show that manic-like hyperactivity
induced by p-AMPH is associated with severe brain dam-
age by an increased formation of lipid and protein oxida-
tion products, and a decrease in the BDNF levels (Frey
et al. 2006a, b).

Alterations in the Krebs cycle would profoundly alter
the rate of brain metabolism and the production of free
radicals. Inactivation of any step can disrupt mitochondrial
bioenergetics (Blass and Brown 2000). In the present study,
we found that the p-AMPH administration induced a
marked reduction in the Krebs cycle enzymes (CS, MDH,
and SDH) in all brain structures evaluated. In agreement
with these findings, previous studies described that
amphetamine administration inhibited the activity of Krebs
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cycle enzymes (CS, MDH, and SDH) and mitochondrial
respiratory chain complexes (I, II, III, and IV) in the hip-
pocampus, striatum, and prefrontal cortex of rats, and that
mood stabilizers, lithium and VPA, exerted protective
effects against the amphetamine-induced mitochondrial
dysfunction (Feier et al. 2013; Valvassori et al. 2010).
From this, we suggest that the inhibition of the Krebs cycle
induced by amphetamine can alter the function of the
mitochondrial respiratory chain complexes, and conse-
quently, the rate of brain metabolism. Considering that
mood stabilizers modulate Krebs cycle enzymes we can
suggest that it is an important target to study in BD.

The Krebs cycle enzymes participate in energy pro-
duction, neurotransmitter metabolism and metabolic
interaction between mitochondria and cytoplasm. Previous
studies have demonstrated that reduction in the activities
of these enzymes can alter brain function, increasing the
release of dopamine and decreasing the release of acetyl-
choline (Bubber et al. 2011; Gibson et al. 1989; Blass et al.
2002; Rose and O’Connell 1967). Since dopamine regu-
lates and organizes numerous important behavioral pro-
cesses including motor activity (Schultz 2007), we suggest
that the Krebs cycle enzymes’ activity decrease may
contribute for behavioral alterations induced by p-AMPH,
such as hyperactivity. On the other hand, several studies
have reported that amphetamine inhibits oxidative phos-
phorylation and the Krebs cycle, suggesting that it might
be due to mitochondrial damage induced by dopaminergic
toxicity (Sailasuta et al. 2010; Shima et al. 2011; Feier
et al. 2013). It is well described in the literature that
chronic amphetamine administration leads to long-term
deficits in dopaminergic systems in the brain, resulting
from dopamine generated reactive oxygen species (ROS)
(LaVoie and Hastings 1999). Monoamine oxidase is
located in the outer membrane of the mitochondria and
could be a significant source of ROS production, mainly in
dopaminergic neurons (Adam-Vizi 2005). Mitochondria
are the main source of ROS, which are produced in the
complexes of the electron transport chain (Mattiasson et al.
2003). Moreover, a shift in the antioxidant/pro-oxidant
balance toward oxidative stress may inhibit Krebs cycle
and electron transport chain complexes, leading to
decreases in ATP production and cellular dysfunction
(Calabrese et al. 2001).

Another significant finding in this study is that SB
reverses the AMPH’s effects on Krebs cycle enzymes’ (CS,
MDH, and SDH) activity. In a previous study, it was shown
that SB was able to reverse and prevent the hyperactivity
and impairment in the mitochondrial chain complexes
induced by p-AMPH, suggesting that the mechanism of
action in SB involves the improvement of mitochondrial
function, parallel with behavioral changes (Moretti et al.
2011). Chen et al. (2010) have shown that the tubacin, a
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specific HDAC6 inhibitor, dramatically enhanced mito-
chondrial movement in hippocampal neurons, suggesting
that HDAC plays an important role in the modulation of
mitochondrial transport. In addition, a previous study
showed that SB administration increases muscle mito-
chondrial respiration in mice (Gao et al. 2009), suggesting
a relation between HDAC inhibition and changes in energy
metabolism. A previous study has demonstrated that
the activities of key enzymes that control the direction
of glycolysis versus gluconeogenesis and the branching
between citrate cycle and glyoxylate bypass were all reg-
ulated by acetylation. This modulation is mainly controlled
by a pair of lysine acetyltransferase and deacetylase, whose
expressions are coordinated with growth status (Wang et al.
2010). Therefore, we suggest that the protective effects of
SB can be explained by the fact that this drug inhibits
HDAC, which may be increasing the expression of the
enzymes of the Krebs cycle, thereby providing substrates
for the cycle.

In addition, Wu et al. (2008) have demonstrated that
HDAC inhibitors, sodium SB and trichostatin A, up-regu-
late GDNF and BDNF expression in astrocytes, and protect
DA neurons. Evidence suggests that oxidative stress may
be increased in conditions where BDNF is described to be
decreased in BD (Andreazza et al. 2007; Kapczinski et al.
2008). The oxidative stress may inhibit mitochondrial
electron transport chain complexes, leading to a decrease in
ATP production and cellular dysfunction (Calabrese et al.
2001). Furthermore, preclinical studies have shown that
mood stabilizers, lithium and valproate, increase the brain-
derived neurotrophic factor (BDNF) levels, and protect the
rat brain against oxidative damage and mitochondrial
impairment (Frey et al. 2006a, b). In the culture of neurons
and glia, SB and other HDAC inhibitors upregulate gene
transcription for the BDNF (Yasuda et al. 2009; Wu et al.
2008). In addition, treatment with SB increases brain pro-
tein levels of BDNF in rats (Kim et al. 2009). Evidence
indicates that neurotrophic factors, such as BDNF, prevent
neuronal damage caused by oxidative stress, promoting
neuronal protection and the regulation of synaptic function
in the central nervous system, via stimulating intracellular
signaling cascades (Huang and Reichardt 2003; Numakawa
et al. 2010).

In conclusion, the present study shows the inhibition of
Krebs cycle enzymes in an animal model of mania induced
by p-AMPH. Thus, we suggest an interaction between
Krebs cycle enzymes’ inhibition and mitochondrial dys-
function induced by p-AMPH. We also have demonstrated
that SB can reverse p-AMPH-induced mitochondrial dys-
function. These findings will enhance the understanding in
the pathology of disorder, and suggest that HDAC can be a
possible new therapeutic strategy to improve the mito-
chondrial deficit seen in BD.
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