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Abstract

Several lines of evidence suggest a role for mitochondrial dysfunction in the pathophysiology of 

bipolar disorder (BD). The tricarboxylic acid cycle (TCA cycle) is fundamental for mitochondrial 

energy production and produces substrates used in oxidative phosphorylation by the mitochondrial 

electron transport chain. The activity of the key TCA cycle enzymes citrate synthase, malate 

dehydrogenase, and succinate dehydrogenase has never been evaluated in BD. In the present study, 

these enzymes were assayed from leukocytes of drug-naïve BD patients in a major depressive 

episode (n = 18) and compared to 24 age-matched healthy controls. Drug-naïve BD patients did 

not show differences in activities of citrate synthase (p = 0.79), malate dehydrogenase (p = 0.17), 

and succinate dehydrogenase (p = 0.35) compared with healthy controls. No correlation between 

*Corresponding author: Prof. Rodrigo Machado-Vieira, LIM-27 Department and Institute of Psychiatry, University of Sao Paulo, 
Brazil. machadovieirar@gmail.com, machadovieirar@mail.nih.gov. 

HHS Public Access
Author manuscript
Neurosci Lett. Author manuscript; available in PMC 2016 November 20.

Published in final edited form as:
Neurosci Lett. 2015 September 25; 605: 65–68. doi:10.1016/j.neulet.2015.08.022.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



any TCA cycle enzyme activity and severity of depressive symptoms was observed. Overall, these 

data suggest that the activities of the TCA cycle enzymes are not altered in major depressive 

episodes of recent-onset BD, which may support the concept of illness staging and 

neuroprogression in BD.
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1. Introduction

Different lines of evidence suggest that mitochondrial dysfunction plays an important role in 

the pathophysiology of bipolar disorder (BD) [1,2]. Previous reports showed increased 

oxidative stress, a measure indicative of mitochondrial dysfunction, in peripheral blood [3,4] 

and postmortem brains of BD patients [5].Also, a decrease in mitochondrial electron 

transport chain (ETC) activity was reported in postmortem BD [5]. The tricarboxylic acid 

cycle (TCA cycle) is critical for mitochondrial activity because it produces substrates that 

fuel oxidative phosphorylation in the mitochondrial ETC [6].

Some specific enzymes play an especial role in TCA cycle. The first step of TCA cycle is 

catalyzed by the enzyme citrate synthase and its activity has been shown to be a marker of 

intact mitochondria number and function [7]. Succinate dehydrogenase is the only TCA 

cycle enzyme directly integrated to the ETC, being a part of the ETC complex II [8]. Malate 

dehydrogenase is a TCA cycle enzyme that utilizes the NAD/NADH system and is 

responsible for malate production, which is the last step of the TCA cycle [9].

Decreases of TCA cycle enzymes activity was observed in animal models of mania [10,11]. 

Moreover, BD patients have shown reduced mRNA expression of the TCA cycle enzyme 

malate dehydrogenase in a study evaluating postmortem brains [12].

To our knowledge, no study evaluated in vivo the activity of TCA cycle enzymes in BD 

patients. This would be important to investigate in recent onset of BD, since it is possible 

that the activity of TCA cycle enzymes seem to decrease later in the course of other 

illnesses. This potential finding would suggest that mitochondrial dysfunction occurs as the 

illness progresses and support the staging of BD [4,13].

Due to the difficulty to assess directly the brain tissue, this study aimed to evaluate 

peripheral blood cells, which show transcription of energy production genes correlated to 

brain transcription [14]. Also, leukocytes have shown a role in biomarkers investigation in 

neuropsychiatric disorders [15] and BD [16]. The activities of the key TCA cycle enzymes 

citrate synthase, malate dehydrogenase, and succinate dehydrogenase were investigated in 

leukocytes of BD patients during an acute major depressive episode. Our hypothesis was that 

TCA cycle enzymes activity would be decreased in drug naïve bipolar depression vs. 

matched healthy controls.
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2. Methods

2.1. Subjects

This study evaluated 18 drug-naïve BD outpatients during a depressive episode, 13 (72.2%) 

women, with a mean age of 29.1 (±4.9) years (Table 1). Five (27.8%) had a diagnosis of BD 

I and 13 (72.2%) BD II. Patients had a mean duration of illness of 2.7 (±1.6) years and a 

history of affective psychosis was present in 1 patient (5.6%). Patients had mean Hamilton 

Depression Scale (HAM-D) scores = 22.7 (±3.8) [17] and Young Mania Rating Scale scores 

= 7.5 (±6.7) [18].

The diagnosis of BD was confirmed by the Structured Clinical Interview for Axis I DSM-

IV-TR Disorders (SCID-I) [19]. Patients were recruited using media advertisement and were 

evaluated at the Institute of Psychiatry, University of Sao Paulo, Brazil, from August 2010 to 

June 2012. Inclusion criterion was depression scores ≥ 18 on the 21-item HAM-D. 

Exclusion criteria for BD patients were the presence of any medical disorder that could 

affect the central nervous system, current substance abuse or dependence, or an intellectual 

disability.

In the control group, 24 age-matched (within a 3-year difference of BD patients) volunteers 

were enrolled. As confirmed by the SCID-I, healthy volunteers (10 women, 41.7%, mean 

age of 27.6 ± 6.6 years) had no lifetime history of any psychiatric disorders, including 

substance disorders, no presence of medical disease affecting central nervous system, and no 

first degree-relatives with a history of mood or psychotic disorders. The present study was 

conducted in accordance with the 1964 Declaration of Helsinki, was approved by the local 

Ethics Committee and all the participants gave written informed consent before entering the 

study.

2.2. Blood sampling and laboratorial analysis

After an 8-h fasting, blood samples were collected from 8:00 to 10:00 AM. Samples were 

then centrifuged with ficoll (Sigma) at 20°C and 700 × g for 40 min; the mononuclear cells 

were separated using ficoll gradient to obtain leukocytes [20]. The plasma (first layer) was 

removed and then discarded. The leukocytes (second layer) were gently removed and then 

transferred to other tube, where they were washed twice with phosphate buffered saline 

(PBS) and centrifuged at 20°C and 700 × g for 15 min. After being centrifuged, PBS and 

dimethyl sulfoxide (DMSO) <0.01% were added to the samples, which were progressively 

frozen at −10°C for 30 min, at −20°C for 30 min, and finally stored at −80°C. The 

biochemical assays were ran in duplicates by a person who was blind to the source of the 

samples.

Regarding TCA cycle enzymes activities, the techniques are briefly described as follows: 

proteins dosage was performed according to the Lowry et al. [21] method. Citrate synthase 

activity was assayed following Shepherd and Garland method. The reaction mixture 

comprised 100 mM Tris, pH 8.0, 100 mMacetyl CoA, 100 mM 5,5′-di-thiobis-(2-

nitrobenzoic acid), 0.1% triton X-100, and 2–4 µg supernatant protein, being started with 

100 µM oxaloacetate and then monitored at 412 nm for 3 min at 25°C [22]. Malate 

dehydrogenase measurement was performed as described by Kitto [23]. Aliquots (of 20 mg 
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protein) were transferred into a medium containing 10 mM rotenone, 0.2% Triton X-100, 

0.15 mM NADH, and 100 mM potassium phosphate buffer, pH 7.4, at 37°C; the reaction 

was started by adding 0.33 mM oxaloacetate. Absorbance was monitored as described above 

[23]. The activity of succinate dehydrogenase was determined according to the method of 

Fischer et al. [24], The reaction mixture of 40 mM potassium phosphate, pH 7.4, 16 mM 

succinate and 8 µM 2,6-DCIP was first preincubated with 40–80 µg homogenate protein at 

30°C for 20 min. Subsequently, 7 µM rotenone, 4 mM sodium azide, and 40 µM 2,6-DCIP 

were added, and the reaction was started by an addition of 1 mM PMS and was monitored 

for5 min; the reaction measured the decrease in absorbance due to the reduction of 2,6-di-

chloro-indophenol (2,6-DCIP) in the presence of phenazine methosulphate (PMS) at 600 nm 

with 700 nm as the reference wavelength (ε = 19.1 mM−1 cm−1). The activities of TCA 

cycle enzymes were calculated as nmol min−1 × mg protein−1.

2.3. Statistics

Chi-square test was used to compare the gender distribution of patients vs. controls. In the 

comparison of patients and controls, a generalized linear model was performed to control for 

the difference in gender distribution between the groups. Spearman test was used to 

calculate the correlations of enzyme activity and depressive symptoms. Citrate synthase had 

one missing value due to technical issues. All statistical analyses were performed with SPSS 

21.0 and the significance level was set at <0.05 (two-tailed). All data are presented as mean 

± SD.

3. Results

3.1. Patients with BD and controls showed no difference in TCA cycle enzymes

In comparison to healthy controls, patients with BD did not show different activities of 

citrate synthase (BD = 4.57 ± 11.41 nmol mg/min protein vs. controls = 3.15 ± 6.07, p = 

0.79), malate dehydrogenase (BD = 61.65 ± 101.86 nmol mg/min protein vs. controls = 

46.08 ± 88.75, p = 0.17), and succinate dehydrogenase (BD = 8.05 ± 7.29 nmol mg/min 

protein vs. controls = 9.71 ± 8.05, p = 0.35) (Fig. 1).

No correlation of depressive symptoms (measured by HAM-D scores) and TCA cycle 

enzymes activities citrate synthase (ρ = 0.35, p = 0.15), malate dehydrogenase (ρ = 0.45, p 
= 0.06), and succinate dehydrogenase (ρ = 0.33, p = 0.19) was observed. Also, no 

significant correlations of TCA cycle enzymes activities and age or length of history were 

observed (data not shown).

4. Discussion

To the best of our knowledge, this is the first study evaluating the TCA cycle enzymes in 

BD. The present study found no alteration in the activities of TCA cycle enzymes citrate 

synthase, malate dehydrogenase, and succinate dehydrogenase in drug-naïve patients with 

BD depression compared to healthy controls.

The sample analyzed in the present study included patients with recent-onset BD (in average 

less than 3 years of history), who may have been spared from the biological alterations 
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observed in cases with longer duration of illness or medication exposure [13,25]. Perhaps in 

recent-onset BD, compensatory mechanisms prevent the alteration of mitochondrial TCA 

cycle enzymes, which would be in line with the minimal changes in mitochondrial DNA 

content [26], mitochondrial electron transport chain activity [27], and oxidative stress [4] 

found in the same sample by our group. However, it is also possible that the alterations in the 

TCA cycle enzymes would be present only in manic phases but not in the depressive phases 

has suggested by abnormalities found in TCA cycle enzymes in animal models of [28] 

mania [10]. Another possibility would be that only later in the illness changes in the TCA 

cycle enzymes would take place, which is consistent with the staging model of the illness [4, 

13].

Although the present analyses were performed in leukocytes and not in brain tissue, 

mitochondrial TCA cycle enzyme activity in peripheral cells have shown analogy with 

different tissues [29]. Moreover, mitochondrial enzymes activity in leukocytes have also 

been widely used as a surrogate marker of brain activity in neurological disorders [15]. In 

addition, DNA methylation in the brain is correlated with DNA methylation in leukocytes 

[30]. The evidence suggests that the values observed in our study are very likely to reflect 

TCA cycle enzymes activities in the brain. Factors such as young age of the subjects, short 

length of illness, same mood phase in all BD subjects, and the drug-naïve status of the 

patients increase the specificity of the findings.

Overall, the present study suggests that TCA cycle enzymes may not be altered in recent-

onset BD. Further studies in larger samples and in patients with longer duration of illness 

and in mania and/or euthymia are warranted to explore the role of the activities of TCA 

cycle enzymes in BD.
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HIGHLIGHTS

• Mitochondria is likely to play a role in the pathophysiology of bipolar 

disorder (BD).

• The tricarboxylic acid cycle (TCA) has a main role in mitochondrial 

energy production.

• TCA enzymes activities were evaluated in 18 drug-naïve BD patients 

during depression.

• Recent-onset BD patients showed no alteration in TCA activity 

compared to controls.
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Fig. 1. 
Activities of the tricarboxylic acid cycle enzymes in 18 patients with bipolar disorder during 

a depressive episode (white bars) compared to 24 healthy controls (black bars). In omparison 

to healthy controls, patients with BD did not show different activities of citrate synthase (p = 

0.79), malate dehydrogenase (p = 0.17), and succinate dehydrogenase (p = 0.35).
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Table1

Clinical and demographic characteristics of patients with bipolar disorder (BD) patients during depressive 

episodes and healthy controls.

BD (n=18) Controls (n=24) p

Gender

Male/female, n (%) 5 (27.8)/13 (72.2) 14 (58.3)/10 (41.7) 0.03*,a

Age, years 29.1 (±4.9) 27.6 (±6.6) 0.44b

BD subtype

Subtype I/subtype II, n (%) 5 (27.8)/13 (72.2)

Illness duration, years 2.7 (±1.6)

History of Psychosis, n (%) 1 (5.6)

HAM-D 22.7 (±3.8)

YMRS 7.5 (±6.7)

HAM-D–Hamilton Depression Scale, YMRS–Young Mania Rating Scale.

*
Significantly different.

a
Chi-square test.

b
Student’s t test.
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