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Major depressive disorder (MDD) is a leading cause of morbidity and mortality, and it is a
common psychological disorder in the world. Present antidepressants modulate monoamine
systems directly or indirectly, because MDD is classically considered as a neurochemical disease, in
which monoamine systems are perturbed including serotonin, noradrenaline or dopamine systems.
However, recent evidences suggest that MDD is associated with the impairments of synaptic plasticity
or cellular resilience to stress. Cellular resilience is maintained by mitochondria with the supplying
cellular fuel or ATP. In addition, it is suggested that mitochondrial functions in neurons influence
synaptic plasticity. Therefore, impairment of mitochondrial function can be the cause of the MDD. The
present review article summarizes the recent evidences about the association between mitochondrial
impairment and MDD, and it suggests that improvement of mitochondrial function become a potential
drug target for MDD.

Abbreviations

CMS: Chronic Mild Stress; ETC: Electron Transporting Chain;
GSH: Glutathione; MDA: Malondialdehyde; MDD: Major depressive
disorder; mtDNA: Mitochondrial DNA; OXPHOS: Oxidative
phosphorylation; ROS: Reactive oxygen species; SOD: Superoxide
dismutase; TCA: Tricarboxylic acid

Introduction

Major depressive disorder (MDD), a common psychological
disorder, is a leading cause of morbidity and mortality worldwide;
however, its pathophysiology remains largely unknown. An
epidemiological study showed that 4.3% of the world’s population
has had MDD at least once in their lifetime [1]. Although the number
of patients is still increasing, existing medicine is not adequately
effective in most cases. Almost all medicines for MDD are based
on the “monoamine theory”. This theory was originally established
based on knowledge of the mechanism of action of imipramine,
which inhibits the reuptake of monoamines, including serotonin and
noradrenaline into the presynaptic terminal, leading to an increase of
monoamines in the synaptic cleft, and resulting in an antidepressant
effect [2]. Therefore, most medicines used in MDD treatment affect
the monoamine system [3]. However, it is also known that one-third
of MDD patients are resistant to existing antidepressants [4]. Thus,
new drug targets, which are not based on the monoamine theory, are
required.

Mitochondria have now emerged as the apparent pathological
basis or drug target for MDD [5]. There is a recent report by the
CONVERGE consortium showing the mitochondrial relationship
with MDD, which suggested that two loci on chromosome 10
contribute to risk of MDD: one near the SIRT1 gene, and the other in
an intron of the LHPP gene [6]. LHPP is an enzyme whose function

is not fully understood, and SIRT1 is important for energy-producing
cell structures called mitochondria [7]. This study was the first to
show robust genetic links to MDD. In addition, co-morbidity of
mitochondrial disorders and psychiatric disorders was previously
reported in a study focused on patients with mitochondrial disorders
[8]. Co-morbidity of MDD was assessed by Fattel et al. in 36 adults
who suffered from mitochondrial disorders. Fifty four percent of these
patients fulfilled the criteria for lifetime MDD, and this prevalence is
much higher than the 15% lifetime prevalence rate of depression in
the general population [9]. In addition, 18 patients, from a cohort of
68 children confirmed with mitochondrial disease, were more likely
to be affected by MDD (50%) than normal children (10%) which
is the norm scores of an American population. Moreover, child
behavior checklist T-scores for withdrawn/ depressive behavior is
significantly different between the groups of mitochondrial disease
and norm of American population [10]. Thus, in the present review
article, we discuss the recent advances in knowledge on mitochondrial
dysfunction in MDD, and suggest mitochondrial deficit as a new drug
target for MDD.

The cellular energy horse, mitochondria

Classically, mitochondria have been considered a source of
production of ATP or its metabolites to fulfill cellular energy demands.
Multiple carbon substrates are used for the production of ATP, such
as pyruvate from glycolysis, glutamine or other amino acids and fatty
acids. These carbon substrates are introduced into the tricarboxylic
acid (TCA) cycle in the mitochondrial matrix and used for generation
of NADH and FADH,. NADH and FADH, work as electron donors,
and deliver electrons to the electron transporting chain (ETC).
The transportation of electrons is coupled with the pumping out
of protons from the mitochondrial matrix to the inter membrane
space by complexes I, III and IV, located in the mitochondrial inner
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membrane. This pumping of protons creates proton gradients across
the inner mitochondrial membrane, and generates a proton motive
force, composed of a small chemical component and a large electrical
membrane potential. This proton motive force is used by Complex V to
generate ATP from ADP and phosphate, in a process called oxidative
phosphorylation (OXPHOS) [11,12]. Specifically, the brain uses 20%
of the total oxygen consumed by the body at rest, but represents only
2% of body mass [13]. In addition, neurons are critically and almost
exclusively dependent on mitochondrial OXPHOS as a major source
of ATP, and have a limited capacity to upregulate energy supply
through glycolysis when OXPHOS is compromised [14,15].

Mitochondria as an intracellular calcium store

Mitochondria have been shown to be responsible for the clearance
of cytosolic Ca* in cells and are able to accumulate a large amount of
Ca* [16]. Mitochondrial Ca** uptake is regulated in a sophisticated
manner, and consequently affects multiple cellular processes. The
mitochondrial Ca** uptake from cytosol to the mitochondrial matrix
controls the rate of energy production through the modulation of Ca*-
sensitive metabolic enzymes. TCA cycle enzymes are highly sensitive
to changes in concentration of Ca**, which presumably binds directly
to isocitrate dehydrogenase and a-ketoglutarate dehydrogenase,
whereas pyruvate dehydrogenase is activated by the Ca?*-sensitive
pyruvate dehydrogenase phosphatase. Complex IV and complex III
may also be regulated by intramitochondrial Ca?*. Matrix Ca*" may
also regulate OXPHOS through an effect on the adenine nucleotide
trans locator and on F1Fo-ATP synthase [15,17,18]. This modulation
of energy production occurs with a spatial and temporal profile
similar to intracellular Ca** signaling, and regulates mitochondrial
motility and morphology [19].

Reactive oxygen species (ROS) as a byproduct of
ETC

Mitochondria are a very important source of reactive oxygen
species (ROS) in most mammalian cells. The production of ROS is
important because it underlies oxidative damage in many diseases
and contributes to retrograde redox signaling from organelles to the
cytosol and nucleus. Superoxide (O,’) is the proximal mitochondrial
ROS, and predominantly produced in Complex I. The generation of
O, within the mitochondrial matrix depends critically on proton
motive force, the NADH/NAD* and CoQH,/CoQ ratios and the
local O, concentration [20]. Because mitochondria are the major
producers of ROS in mammalian cells, mitochondrial DNA (mtDNA)
is prone to oxidative damage. Many studies have consistently shown
that 8-0x0-dG, one of the common products of DNA oxidation, is
detected at higher levels in mtDNA than in nuclear DNA, suggesting
that mtDNA is more susceptible to oxidative damage. As mtDNA
encodes essential components of oxidative phosphorylation and
protein synthesis machinery, oxidative damage-induced mtDNA
mutations that impair either the assembly or the function of the
respiratory chain will in turn trigger further accumulation of ROS
[21].

Mitochondrial dysfunction in MDD

Altered ETC or OXPHOS: Alteration of the expressions and
activity of complexes in ETC, or mitochondrial oxygen consumption
have been studied in postmortem brain, skeletal muscle or platelet

biopsies from MDD patients in comparison to normal healthy
controls.

Postmortem brain: Postmortem brain Decreased expression
of complexes of the ETC was reported in patients with MDD
compared to healthy controls. The functional Complex I assembly
requires 3 catalytic subunits, such as the 24, 51 and 75-kDa subunits.
The expression of the 24 kDa subunit was significantly decreased
in the prefrontal cortex of MDD patients in comparison with that
of normal healthy controls [22]. In addition, the expression of the
24, 51 and 75-kDa subunits were significantly decreased in the
cerebellar lateral hemispheres, and 24-kDa subunit was significantly
decreased in the prefrontal cortex of MDD patients [23]. Not only
decreased expressions but also decreased activity were reported in
MDD patients, as Complex I activity was significantly reduced in
the prefrontal cortex of MDD patients [24]. Additionally, altered
mitochondrial function and amino acid metabolism are associated
with MDD. Abdellah et al. found a significant reduction in the rate of
the neuronal TCA cycle in glutamatergic neurons by carbon-13 MRS,
implicating the glutamatergic system and mitochondrial energy
metabolism in the pathology of MDD [25].

Peripheral tissue: It is known that mitochondrial activity in
peripheral tissue is related to brain function to some extent. In
intact platelets, physiological respiration, the maximal capacity of
the electron transport system and respiratory rate after Complex I
inhibition are decreased in MDD patients who have reached partial
remission, compared to normal healthy controls [26]. In addition,
in muscle biopsies, the mitochondrial ATP production rate and the
enzymatic activity ratio between NADH-cytochrome c reductase and
cytochrome c oxidase, or between succinate-cytochrome c reductase
and cytochrome c oxidase, was lower in MDD patients in comparison
with normal healthy controls [27]. However, in another study,
Complex I activity was measured by assessing NADH ferricyanide
reductase activity, and no difference in enzymatic activity was
observed between mitochondrial preparations from platelets of MDD
patients with recurrent MDD and those of healthy controls [28].

Animal studies: In a mouse model of MDD developed more than
20 years ago, the chronic mild (or unpredictable or variable) stress
(CMS) model was developed as an animal model of depression. The
foundation of this model was that following long-term exposure to
a series of mild, but unpredictable stressors, animals would develop
a state of impaired reward salience that is akin to anhedonia. In this
state, the hypothalamic-pituitary-adrenal axis (HPA) is activated,
which results in the release of corticosteroid hormones from the
adrenal glands [29,30]. Rezin et al., showed that the activity of
Complexes I, III and IV was reduced without affecting Complex
IT and creatine kinase activity in both the cerebral cortex and the
cerebellum. This reduction was associated with reduced sweet food
ingestion and increased adrenal gland weight after 40 days of CMS
[31]. In addition, a single infusion of ketamine at low dose robustly
decreases depressive symptoms in humans [32]. Acute administration
of ketamine reversed the reduction of Complex I, IIT and IV activity
in cerebral cortex and cerebellum with associated reversal of the
reduction of sweet food ingestion and increased adrenal gland weight
mediated by CMS [33]. A different study carried out by another
group also suggested that CMS reduced Complex I, IT and V activity,
and led to anhedonia, reduced sucrose intake, and depressed behavior
including increased immobility in a forced swim test [34].
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Figure 1: Schematic model of the relationship between mitochondrial
dysfunction and major depressive disorder. A combination of stressors and/
or inherited mitochondrial damage either on nuclear or mitochondrial DNA
mediates mitochondrial dysfunction. Increased ROS production or dysfunction
of neuroplasticity is followed by occurred by insufficient mitochondrial function
in brain. As a result, this mitochondrial dysfunction might contribute in
pathophysiology of major depressive disorder.

Conversely, Garabadu et al. showed in their mouse model of
MDD that activities of the mitochondrial respiratory Complexes I,
II, IV and V are increased by stress and re-stress, and this increment
is prevented by treatment with risperidone [35]. Not only the
activity of the mitochondrial complexes, but also the functions of
the mitochondria itself were reduced in the mouse model of MDD.
The isolated mitochondrial oxygen consumption rate is frequently
measured to assess mitochondrial activity. The mitochondrial oxygen
consumption rate was attenuated, and the mitochondrial membrane
potential was dissipated in hippocampus, cortex, hypothalamus,
brain and liver in a mouse model of MDD produced by CMS or
chronic restraint stress. In this model, the mal-effects of stress on
mitochondria were associated with depressive-like behavior in
a tail suspension or forced swimming test [36-38]. In addition,
chronic administration of corticosterone can also be used to create
a useful rodent model for MDD as well as CMS. Mouse models of
MDD created by both CMS and corticosterone treatment showed
reduced energy production in the cortex and striatum and reduced
mitochondrial membrane potential in the prefrontal cortex. These
mitochondrial deficits were associated with depressive-like behavior
in a sucrose preference test and a forced swim test, as well as anxiety-
related behavior in an open field test and novelty suppressed feeding
test [39]. Not only repetitive exposure to stressors but also a single
exposure to stress can affect mitochondrial activity. Short (30 min)
and acute single stress exposures decrease the oxygen consumption
rate in the brain mitochondria of mice [40]. On the other hand,
mitochondrial dynamics including their mobility or their number also
affect mitochondrial function. Increased synaptosomal mitochondrial
levels in the hippocampus were observed in a mouse model for MDD
created by neonatal isolation before weaning followed by social
isolation [41]. In addition, Chen et al. investigated the mitochondrial
number and volume in the CAl region of the hippocampus in
a genetic animal model of MDD, the Flinders-sensitive line rats
(“depressed” rats) and their corresponding controls, the Flinders-

resistant line rats. The results showed a significantly reduced number
of and enlarged size of mitochondria in the CA1 region of Flinders-
sensitive line rats in comparison with Flinders-resistant line rats.
Treatment with imipramine, a tri-cyclic antidepressant, canceled the
reduction of the number of and enlargement of mitochondria in the
CAL1 region of Flinders-sensitive line rats [42].

Opverall, mitochondrial activity is reduced in MDD patients and
most of the rodent models of MDD. Notably, this decrement of
mitochondrial activity can be mediated by acute and single stress
exposures, and is prevented by antidepressant treatment.

ROS and its derivatives

Postmortem brain: Glutathione (GSH) is the major free radical
scavenger in the brain. Diminished GSH levels elevate cellular
vulnerability towards oxidative stress, characterized by accumulating
reactive oxygen species. In postmortem prefrontal cortical samples,
levels of reduced, oxidized, and total glutathione and GSH peroxidase
are significantly decreased in depressive conditions compared to a
control group [43]. Conversely, immunoblotting analysis showed
similar expression levels of carbonylated proteins, which are oxidized
proteins, in a mitochondrial sample obtained from the prefrontal
cortex of MDD patients in comparison with normal healthy controls
[24].

Peripheral tissue: Peripheral samples are obtained from
leukocytes, platelets, erythrocytes, mononuclear cells, plasma or
serum from blood or urine. The contents of oxidative stress markers
in each of the tissues of MDD patients in comparison with normal
healthy control are as follows. Malondialdehyde (MDA), which
originates from lipid peroxidation, was increased in many tissues such
as plasma [44] (Bilici et al., 2001), erythrocytes [44,45], leukocytes
[46], mononuclear cells [47] and serum [48]. Moreover, the degree
of symptoms of MDD affects the level of malondialdehyde (MDA).
Prior research has suggested that MDD patients with melancholia
have more impairment, because recurrent episodes and the risk for
MDD are higher in the co-twins of probands with the melancholic
subtype [49]. Interestingly, Bilici et al. showed that (i) MDD with
melancholia was characterized by significantly higher MDA levels
than MDD without melancholia, and (ii) subchronic treatment with
SSRIs reduced MDA levels [44]. Hydrogen peroxide was increased in
mononuclear cells (Moreno-Fernandez et al., 2012) and erythrocytes
[45], and nitric oxide was increased in leukocytes [46] and platelets
[50]. DNA oxidation is increased in urine [51], mononuclear cells
[52] and leukocytes (Especially in mtDNA) [53]. Total oxidant status
is increased in leukocytes [46] and serum [54]. Not only in patients
with MDD but also in healthy college students, serum reactive oxygen
metabolites and the biological antioxidant potential, as indices of
oxidative status, are significantly correlated with depressive symptoms
as assessed by the Beck Depression Inventory [55]. Thus, ROS and its
derivatives, even in peripheral tissues, are frequently correlated with
major depressive symptoms.

Contents of molecules defensive against oxidative stress in each
tissue have not been consistent across studies, as is the case with
oxidative stress markers. These molecules are frequently decreased,
but in some cases increased in patients with MDD, in comparison
with healthy controls. The contents of these molecules in MDD
patients, in comparison with normal healthy controls, are as follows.
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The activity of superoxide dismutase (SOD), which is the enzyme
to catalyze the dismutation of superoxide anions, was decreased in
leukocytes [46] and serum [48], but was increased in erythrocytes
[44] and mononuclear cells [56]. In addition to the activity of
SOD, gene polymorphisms (Ala-9Val or Ile-58Thr) on MnSOD,
mitochondrial SOD, affected its transportation to the mitochondrial
matrix and its activity, and the prevalence of polymorphisms was
significantly associated with the symptoms of MDD in the female
Polish population [57]. Total antioxidant capacity is decreased in
leukocytes [46], serum [54] and urine [58]. In addition, Cumurcu
et al. showed that, after 3 months of antidepressant treatment, total
oxidant status is decreased and total antioxidant capacity is increased,
compared with pretreatment values [54]. Coenzyme Q10 and vitamin
C are also known as antioxidants whose expressions are decreased in
mononuclear cells [47] and serum [58].

Animal studies: In animal research, many kinds of experimental
models for major depressive disorder, such as chronic restraint stress,
CMS, social isolation stress, chronic corticosterone treatment or
chronic forced swim are used in studies focusing on the relationship
of ROS and its derivatives to depressive behavior of rodents. Lucca et
al. focused on 5 different brain regions to examine molecules related
to ROS. Protein carbonyl (prefrontal, hippocampus, striatum and
cortex), MDA (cerebellum and striatum) and catalase (cerebellum,
hippocampus, striatum, and cortex) were increased in the indicated
brain regions. Additionally, the activity of SOD (prefrontal,
hippocampus, striatum and cortex) was decreased in a rat model
of MDD. All of these changes were associated with depression-like
behavior, such as a decrease in sweet food intake [59,60]. In addition,
levels of MDA were increased, and total antioxidant capacity,
glutathione peroxidase activity, and catalase activity were decreased
in frontal cortex, hippocampus, and striatum in a mouse model of
MDD created by CMS. These molecular changes were associated with
depressive-like behavior, such as decreased sucrose preference or
increased immobility in a forced swim test [61]. In addition, MDA
content and the expression of carbonylated protein or fluorescence of
dihydroethidium (fluorescent indicator of ROS) were also increased
in the hippocampus or whole brain region, which was associated with
depressive-like behavior in the tail-suspension and forced swimming
tests, and by chronic restraint stress, which is another chronic stress
paradigm used widely [37,62]. Superoxide anion is increased in the
cerebrum and cerebellum of rats after performance of a chronic forced
swimming test for 15 days [63]. Pharmacologically, antidepressants
can affect oxidative stress, and alternatively, antioxidants can affect
depressive-like behavior in mice. Moretti et al. administrated
fluoxetine as an antidepressant or ascorbic acid as antioxidant
through oral gavage for 14 days in a mouse model of MDD created by
CMS. Depressive-like behavior in a tail suspension test was increased
with a significant association to increments in MDA content (cerebral
cortex and hippocampus), and decrements of catalase activity
(cerebral cortex and hippocampus), glutathione reductase activity
(hippocampus) and reduced levels of glutathione (cerebral cortex)
in a mouse model of MDD. Interestingly, repeated administration of
not only fluoxetine but also ascorbic acid significantly reversed CMS-
induced depressive-like behavior as well as oxidative damage [64].

On the other hand, repeated corticosterone injections induced
depressive behavioral and neurochemical manifestations in rodents
[65,66]. Additionally, physical activity and exercise improved

depressive symptoms [67,68]. Liu and Zhou showed that both CMS
and chronic corticosterone injection increased the fluorescence
of H2DCE-DA, an ROS indicator, and decreased GSH and SOD
activity— effects that are associated with depressive behavior.
However, physical exercise mitigated these effects [39].

Thus, ROS and its derivatives are potentially increased in both
central and peripheral tissues, in association with symptoms of major
depressive disorder, in human studies as well as rodent studies. The
amount of molecules for ROS clearance, such as SOD, catalase and
GSH shows discrepancy between the studies. These amounts might
be decreased as a reason for the increment of ROS, or in some cases
they might be increased for the clearance of ROS, in a compensatory
manner. It will be necessary to do further research to clarify the role of
antioxidants. Nonetheless, ROS may be involved in major depressive
disease.

Mitochondrial DNA (mtDNA) modification

mtDNA is a 16.5 kb circular DNA sequence carried within
mitochondria, composed of a light and a heavy strand. Both strands
contain 37 genes, including 13 that encode protein subunits of the
oxidative phosphorylation complexes. The remaining genes encode
ribosomal RNA and tRNA molecules that are essential for the
transcription and synthesis of mitochondrially encoded proteins.
Human mtDNA is prone to oxidative injury because mtDNA is
not protected by histones and mitochondria themselves generate
ROS during ATP synthesis [69]. Oxidative damage can induce
point mutations, delete mtDNA and lead to a lack of or decrease
in transcription from mtDNA. Thus, we conclude that there is a
relationship between mtDNA deficit and MDD.

Postmortem brain: Shao et al. showed that mtDNA common
deletion was increased in a postmortem brain sample from the
dorsolateral prefrontal cortex from MDD patients compared to
normal controls. In addition, the expressions of 13 transcripts from
mtDNA were examined, and the results showed that the expressions of
the transcripts were not significantly changed when these expressions
were normalized with d-loop content, an intramitochondrial control,
in the MDD patient in comparison with a normal control [70].
Similarly, Torrell et al. determined the expressions of genes encoded
in mtDNA, the copy number of mtDNA and deletion of mtDNA in
postmortem brain samples from occipital cortex from patients with
schizophrenia, bipolar disorder and MDD. Although no significant
differences were observed in gene expressions encoded in mtDNA and
copy number of mtDNA, a larger number of MDD and schizophrenia
patients tended to have a deletion of mtDNA, compared with patients
who had bipolar disorder and normal controls [71]. The increase in
deletion of mtDNA was not reproduced in a study conducted by
another group. Mamdani et al. examined the somatic mitochondrial
common deletion in post mortem brain samples from patients with
MDD, and found no significant change in the global accumulation
of common deletion in patients with MDD in comparison to normal
controls [72]. Because there is an insufficient number of samples
and studies with post-mortem samples to draw conclusions about
the relationship of mtDNA modifications to abnormalities in the
brains of MDD patients, further study with post-mortem samples is
necessary.

Peripheral tissue: Gardner et al. performed long-PCR and
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southern blot techniques to detect mtDNA deletions in muscle
biopsies, and their results showed that deletions of mtDNA were more
frequent in patients with MDD than in normal healthy controls [27].
Cai et al. examined the relationship between mtDNA content and
MDD with whole-genome sequencing of saliva DNA samples from
11,670 patients, with a mean coverage of 102X for the mitochondrial
genome. From this procedure, they estimated the amount of mtDNA
for each individual. They observed a highly significant association
between MDD and the amount of mtDNA. Interestingly, the mtDNA
content was also significantly correlated with both the total number of
stressful life events and childhood sexual abuse [38]. In addition, the
relationship between the mtDNA content and the number of stressful
life events was also examined by Tyrka et al., who reproduced same
result. More specifically, childhood adversities such as childhood
parental loss and maltreatment are associated with higher mtDNA
content in leukocytes [73]. Conversely, Kim et al. investigated the
mtDNA content of leukocyte DNA samples from 142 community-
dwelling women of old age, who were divided into control and
MDD patients with a 15-question geriatric depression scale or who
were taking medication. The results showed that the MDD group
had significantly lower mtDNA content than the control group [74].
Chang et al. compared 40 MDD patients to 70 healthy control subjects
of median age in terms of the mtDNA content of their leukocytes,
and their results showed that the mtDNA content of MDD patients
was significantly lower than that of the healthy control group [53].
In addition, He et al. found no significant differences between MDD
patients and healthy controls in mtDNA content of leukocytes in 427
young adult populations [75].

Thus, although leukocyte mtDNA contents might vary depending
on the study, the result of Cai et al. might be reliable because
of its detection power, considering the study’s sample size [76].
Interestingly, two groups showed that mtDNA content is increased,
depending on stress history, which might suggest that mtDNA
content might change in response to stress.

OMIX or GWAS analysis in major depressive disor-
der

Human study: Human study Studies employing OMIX
experiments with postmortem brain samples are very difficult, because
the expression of mitochondrial-related genes is easily changed by
agonal or pH factors. Therefore, the interpretation of postmortem
brain studies involving broad mitochondrial gene expression and
related pathway alterations must be monitored to control for strong
effects of agonal-pH state [77].

Beasley et al. identified disease-specific protein changes within
the anterior cingulate cortex in psychiatric disorders including
MDD with 2-D gel electrophoresis followed by mass spectrometric
sequencing, and suggested that mitochondrial dysfunction is an
important component of the neuropathology of major psychiatric
disorders including MDD [78]. More recently, the CONVERGE
consortium carried out low-coverage whole-genome sequencing
of 5,303 Chinese women with recurrent MDD and 5,337 controls
screened to exclude major depressive disorder. These researchers
identified, and subsequently replicated in an independent sample,
two loci contributing to risk of MDD; one of them was located on
chromosome 10 near the SIRT1 gene [6]. In addition, rs10997875
in the SIRT1 gene was associated with MDD in the allele/genotype

analysis in the Japanese population, suggesting that rs10997875 in
SIRT1 might play a role in the pathophysiology of MDD [79]. In
addition, Abe et al. used RT-qPCR to measure the mRNA levels of
seven SIRT isoforms (SIRT 1 to 7) in peripheral white blood cells
of patients with MDD or bipolar disorder during depressive and
remissive states, and compared the results to those from normal
healthy controls. The SIRT1, 2 and 6 mRNA levels were decreased
significantly in MDD and bipolar disorder patients, who were in
a depressive state compared to healthy controls. However, the
expression of those mRNAs in both MDD and bipolar disorder in
patients in a remissive state were comparable to those of healthy
controls [80]. Thus, these studies explain the significance of SIRT1
in MDD. The mitochondria are actually the most important target of
the SIRT1. SIRT1 knockout canceled resveratrol-mediated increased
mitochondrial biogenesis and function, while mice overexpressing
SIRT1 increased mitochondrial biogenesis and function in skeletal
muscle [81]. In addition, morphological and functional mitochondrial
abnormalities were observed in adult hearts lacking SIRT1, suggesting
that SIRT1 is essential for the maintenance of mitochondrial integrity
[82].

Animal studies: Some studies have shown a mitochondrial
relationship to MDD by investigation of transcriptome analysis
in rodents and fish models of MDD, and some studies have also
investigated the effect of antidepressants on these models of MDD.
As shown previously, CMS could produce depressive-like behavior
in mice. Liu et al. performed proteomics analysis by differential 2-D
gel electrophoresis with brain samples, and the set of altered proteins
identified by proteomics implied abnormal energy mobilization
[39]. In another case of CMS in fish, fifteen days of exposure to
CMS appeared to induce an anxiety- and mood disorder- related
phenotype. The expression profiles of total brain proteins obtained
from control and CMS samples were analyzed by proteomics of 2-D
gel electrophoresis and followed by mass spectrometric analysis.
As a result, 18 proteins were found to be regulated, and the most
affected process was mitochondrial function. Four out of the 18
differentially regulated proteins were mitochondrial proteins [83].
In addition, the first etiological mouse model for MDD produced
by the replacement of the homologous mouse DNA sequence with
pathogenic 6-base human CREB1 promoter sequence was developed
by Zubenko and Hughes [84]. Zubenko et al. investigated differential
hippocampal gene expression and performed pathway analysis in this
etiology-based mouse model of major depressive disorder. In this
study, pathway analyses highlighted 11 KEGG pathways including
the OXPHOS pathway in the mitochondria [85]. The effect of
antidepressants on mitochondrial function is reliable evidence for the
relationship between mitochondrial deficits and MDD. St John’s wort,
a traditional herbal product, is as effective as standard antidepressants
in the treatment of mild to moderately severe MDD [86]. Wong et al.
studied hypothalamic gene expression in rats treated with St. John’s
wort or imipramine, and found six common transcripts in response
to both treatments. These transcripts are relevant to two molecular
machines including the mitochondria [87]. It is also known that
not only the drug treatment but also the environmental enrichment
paradigm has an antidepressant effect. Rats in enriched conditions
display increased expression of energy metabolism enzymes, while
rats in isolated control conditions exhibit decreased expression of
similar proteins [88]. These reports suggest that gene expression
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related to mitochondria is associated with depressive symptoms, even
in cases where the symptoms were recovered by the treatment.

Inherited deficit on mitochondria

Human studies: Mitochondrial disorders are clinical
phenotypes associated with mitochondrial dysfunction; in particular,
abnormalities of OXPHOS, which can be caused by mutations in
mtDNA or nuclear genes [89,90]. When combining the results of the
epidemiology data on childhood and adult mitochondrial diseases,
the minimum prevalence is at least 1 in 5,000 and could be much
higher [91]. Persons with mitochondrial disorder should note the high
prevalence of psychiatric problems, e.g. lifetime diagnoses included
54% MDD, 17% bipolar disorder and 11% panic disorder [9]. In
addition, there is a higher likelihood of MDD in children diagnosed
with mitochondrial disease (50%) than in normal children (10%)
[10]. In another study, MDD was found in 5 out of 35 children and
adolescents (14%) with various mitochondrial disorders. However,
for pediatric MDD, the ratio is in general between 3 and 4% in
children and adolescents [92,93]. Two studies revealed that a several-
fold increased likelihood of developing MDD can be maternally
inherited along with the mtDNA, which strongly argues that mtDNA
sequence variants may induce mitochondrial dysfunction that can
predispose individuals towards the development of MDD [94-96].
Thus, MDD could be associated with abnormal energy metabolism
mediated by mitochondrial deficits.

Animal studies: Many kinds of genetically engineered mice are
produced through the increasing ease of genetic manipulation. The
modification of mitochondrial-related genes or the manipulation of
mitochondrial heteloplasmy has resulted in depressive symptoms in
mice. The maternal inheritance of animal mtDNAs is both virtually
universal and highly concerted with specific systems that actively
exclude the paternal mitochondria and mtDNAs during fertilization.
To investigate the dynamics of germline mtDNA segregation,
Sharpley et al. prepared mice that are heteroplasmic for 12956 and
NZB mtDNAs, backcrossed onto a C57BL/6] nuclear background.
The heteroplasmic mice were found to be less fit, less depressive
and show less anxiety than their homoplasmic counterparts [97].
Similarly, Gimsa et al. studied the behavior and neuroendocrine
regulation under social disruption stress of C57BL/6] mice, in
which host mitochondria originating from C57BL/6] mice were
substituted by mitochondria from AKR/J (C57BL/6J-mtA*¥)) or
FVB/N (C57BL/6]J-mt"V®N) strains. C57BL/6J-mt™®N mice were
significantly more anxious in the elevated plus-maze test than
C57BL/6]-mt**™ and C57BL/6] mice at base line, and they showed
a reduced corticosterone response and an activation of serotonergic
and dopaminergic neurotransmitter systems [98]. In addition,
forebrain expression of a mutated form of mtDNA repair enzyme,
UNG, induced oxidative stress in hippocampus, and was associated
with a lack of anxiety-like responses in mice [99]. Additionally,
forebrain expression of a mutated form of mtDNA polymerase,
POLG, induced accumulation of mtDNA defects, and caused mood
disorder-like mental symptoms with similar treatment responses
to bipolar disorder [100]. Thus, the mitochondrial heteroplasmy
or the accumulation of mtDNA mutations caused abnormalities in
mood such as anxiety or depression. On the other hand, DISC1 was
identified in a Scottish family through characterization of a balanced
chromosomal translocation found to be associated with major mental

illnesses including MDD [101] In addition, a fraction of DISC1 was
localized to the inside of mitochondria, and reduction in DISCI
function induced mitochondrial dysfunction, evidenced by decreased
mitochondrial NADH dehydrogenase activities, reduced cellular ATP
contents and perturbed mitochondrial Ca** dynamics, suggesting that
DISC1 is important for mitochondrial function [102]. In addition,
DISC1 participates directly in mitochondrial trafficking, which is
essential for neural development and neurotransmission [103]. It
is reported that gene-environment interactions may also underlie
a variety of neuropsychiatric disorders including MDD. Although
these environmental factors can interact with each other, individual
responses vary, mainly because of different genetic pre-dispositions
among individuals. Niwa et al. showed that an environmental
stressor, isolation stress during adolescence, can elicit behavioral
deficits including MDD-like behavior only when combined with an
appropriate genetic risk, brain specific dominant-negative DISC1
over-expression [104].

Potential sites of action of mitochondrial deficiency
in the nervous system

In the brain, there are billions of synapses establishing complex
neuronal networks which process and store information, and synaptic
function defines brain activity. In presynaptic modulatory function
by mitochondria, neurotransmitter release by the presynaptic
terminal requires mitochondrial ATP, because presynaptic vesicular
recycling largely relies on activity-stimulated ATP synthesis to
maintain function [105,106]. Not only the production of ATP, but
the state of axonal mitochondria, including presence, absence or
movement in or out of the presynaptic terminal, also dynamically
modulate neurotransmitter release [107]. Similarly, dynamin-related
protein, Drpl, which is involved in mitochondrial fission, is necessary
for extremely polarized cells such as neurons to maintain the normal
spatiotemporal properties of mitochondria that are essential for the
synaptic functions or responses to Ca** [108].

Mitochondria also regulate postsynaptic functions, including
morphogenesis of spines or dendrites and synaptic plasticity, and
alternatively, synaptic activity impacts mitochondrial positioning. In
synaptic formation, normal synapse density and activity-dependent
synapse formation depend critically on the proper distribution and
function of mitochondria in dendrites [109]. In dendritic formation,
genetic manipulations of mitochondrial complex I subunits cause an
unexpected outgrowth of dendritic arbors and ectopic structures in
sensory neurons of Caenorhabditis elegans [110]. Similarly, control of
the mitochondrial distribution in developing neurons may be essential
for the establishment of the precise branching pattern of dendritic
arbors and resulting functional neural circuits. Altered mitochondrial
distribution causes dendritic abnormality by overexpressing Mfnl,
a mitochondrial shaping protein, or the Miro-binding domain of
TRAK?2, a truncated form of a motor-adaptor protein in neocortex
of mice [111]. In addition, the mitochondrial membrane potential
is correlated with dendritic arborization in hippocampal neurons of
mice [112]. Drpl could affect not only the presynaptic but also post-
synaptic function. The phosphorylation of Drpl at Ser656 increased
mitochondrial length and dendrite occupancy, enhancing dendritic
outgrowth but paradoxically decreasing synapse number and density
[113]. Thus, mitochondria may play important roles in controlling
fundamental processes in synaptic modification, including neurite
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outgrowth, neurotransmitter release and dendritic remodeling,
suggesting mitochondrial deficiency may affect neuroplasticity.

Summary

The story of mitochondria in MDD is growing in reliability
because multiple lines of evidence, such as the decrement of
mitochondrial activity in MDD, the increment of ROS production
in MDD, a large scale genetic approach to identify the mitochondrial
relationship with MDD, the co-morbidity of MDD with inherited
mitochondrial dysfunction and pharmacological treatment support
the role of mitochondrial dysfunction in MDD.

Although many papers have reported on the relationship
between mitochondrial dysfunction and MDD, we do not think all
of the MDD pathophysiologies can be explained by mitochondrial
dysfunction only. Individual MDD patients may have different
symptoms, degrees of symptoms or pharmacological tolerance.
However, the actual problem in MDD is that some populations of
MDD patients are resistant to the present antidepressants, which are
based on monoamine theory. We need to evaluate new medicines
or drug targets for such resistant cases of MDD. Although further
research is necessary to elucidate whether mitochondrial dysfunction
is the cause or the result of MDD, it is surely true that mitochondrial
dysfunction is a potential drug target for MDD.

Acknowledgements

We thank Dr. Goro Katsuura, Dr. Takashi Kurihara and Dr.
Kazuhiko Inoue for their helpful discussion. This work was supported
by Grant in Aid for Scientific Research (25830054) from the Ministry
of Education, Culture, Sports, Science and Technology of Japan.

References

1. Vos T, Flaxman AD, Naghavi M, Lozano R, Michaud C, et al. (2012) Years
lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries
1990-2010: a systematic analysis for the Global Burden of Disease Study
2010. Lancet 380: 2163-2196.

2. Kuhn R (1958) The treatment of depressive states with G 22355 (imipramine
hydrochloride). Am J Psychiatry 115: 459-464.

3. Slattery DA, Hudson AL, Nutt DJ (2004) Invited review: the evolution of
antidepressant mechanisms. Fundam Clin Pharmacol 18: 1-21.

4. Stahl SM (2010) Enhancing outcomes from major depression: using
antidepressant combination therapies with multifunctional pharmacologic
mechanisms from the initiation of treatment. CNS Spectr 15: 79-94.

5. Manji H, Kato T, Di Prospero NA, Ness S, Beal MF, et al. (2012) Impaired
mitochondrial function in psychiatric disorders. Nat Rev Neurosci 13: 293-
307.

6. CONVERGE consortium (2015) Sparse whole-genome sequencing identifies
two loci for major depressive disorder. Nature 523: 588-591.

7. Ledford H (2015) First robust genetic links to depression emerge Nature 523:
268-269.

8. Anglin RE, Mazurek MF, Tarnopolsky MA, Rosebush PI (2012) The
mitochondrial genome and psychiatric illness. Am J Med Genet B
Neuropsychiatr Genet 159B: 749-759.

9. Fattal O, Link J, Quinn K, Cohen BH, Franco K, (2007) Psychiatric comorbidity
in 36 adults with mitochondrial cytopathies. CNS Spectr 12: 429-438.

10. Morava E, Gardeitchik T, Kozicz T, de Boer L, Koene S, et al. (2010)
Depressive behaviour in children diagnosed with a mitochondrial disorder.
Mitochondrion 10: 528-533.

11.Hatefi Y (1985) The mitochondrial electron transport and oxidative
phosphorylation system. Annu Rev Biochem 54: 1015-1069.

12. Navarro A, Boveris A (2007) The mitochondrial energy transduction system
and the aging process. Am J Physiol Cell Physiol 292: C670-686.

13. Mink JW, Blumenschine RJ, Adams DB (1981) Ratio of central nervous
system to body metabolism in vertebrates: its constancy and functional basis.
Am J Physiol 241: R203-212.

14. Herrero-Mendez A, Almeida A, Fernandez E, Maestre C, Moncada S, et al.
(2009) The bioenergetic and antioxidant status of neurons is controlled by
continuous degradation of a key glycolytic enzyme by APC/C-Cdh1l. Nat Cell
Biol 11: 747-752.

1

(9]

. Llorente-Folch |, Rueda CB, Pardo B, Szabadkai G, Duchen MR, et al. (2015)
The regulation of neuronal mitochondrial metabolism by calcium. J Physiol
593: 3447-3462.

1

[}

. Carafoli E (2003) Historical review: mitochondria and calcium: ups and downs
of an unusual relationship. Trends Biochem Sci 28: 175-181.

17. Robb-Gaspers LD, Burnett P, Rutter GA, Denton RM, Rizzuto R, et al. (1998)
Integrating cytosolic calcium signals into mitochondrial metabolic responses.
EMBO J 17: 4987-5000.

1

o)

. Jouaville LS, Pinton P, Bastianutto C, Rutter GA, Rizzuto R (1999) Regulation
of mitochondrial ATP synthesis by calcium: evidence for a long-term metabolic
priming. Proc Natl Acad Sci U S A 96: 13807-13812.

19.Yi M, Weaver D, Hajnoczky G (2004) Control of mitochondrial motility and
distribution by the calcium signal: a homeostatic circuit. J Cell Biol 167: 661-
672.

2

o

. Murphy MP (2009) How mitochondria produce reactive oxygen species.
Biochem J 417: 1-13.

21. Cui H, Kong Y, Zhang H (2012) Oxidative stress, mitochondrial dysfunction,
and aging. J Signal Transduct 2012: 646354.

22.Karry R, Klein E, Ben Shachar D (2004) Mitochondrial complex | subunits
expression is altered in schizophrenia: a postmortem study. Biol Psychiatry
55: 676-684.

23. Ben-Shachar D, Karry R (2008) Neuroanatomical pattern of mitochondrial
complex | pathology varies between schizophrenia, bipolar disorder and
major depression. PLoS One 3: e3676.

24. Andreazza AC, Shao L, Wang JF, Young LT (2010) Mitochondrial complex
| activity and oxidative damage to mitochondrial proteins in the prefrontal
cortex of patients with bipolar disorder. Arch Gen Psychiatry 67: 360-368.

2

al

.Abdallah CG, Jiang L, De Feyter HM, Fasula M, Krystal JH, et al. (2014)
Glutamate metabolism in major depressive disorder. Am J Psychiatry 171:
1320-1327.

2

[}

. Hroudova J, Fisar Z, Kitzlerova E, Zverova M, Raboch J (2013) Mitochondrial
respiration in blood platelets of depressive patients. Mitochondrion 13: 795-
800.

27. Gardner A, Johansson A, Wibom R, Nennesmo |, von Dobeln U, et al. (2003)
Alterations of mitochondrial function and correlations with personality traits in
selected major depressive disorder patients. J Affect Disord 76: 55-68.

28. Ben-Shachar D, Zuk R, Gazawi H, Reshef A, Sheinkman A, et al. (1999)
Increased mitochondrial complex | activity in platelets of schizophrenic
patients. Int J Neuropsychopharmacol 2: 245-253.

29. Gamaro GD, Manoli LP, Torres IL, Silveira R, Dalmaz C (2003) Effects of
chronic variate stress on feeding behavior and on monoamine levels in
different rat brain structures. Neurochem Int 42: 107-114.

30. Hill MN, Hellemans KG, Verma P, Gorzalka BB, Weinberg J (2012)
Neurobiology of chronic mild stress: parallels to major depression. Neurosci
Biobehav Rev 36: 2085-2117.

31. Rezin GT, Cardoso MR, Goncalves CL, Scaini G, Fraga DB, et al. (2008)
Inhibition of mitochondrial respiratory chain in brain of rats subjected to an
experimental model of depression. Neurochem Int 53: 395-400.

Citation: Kambe Y, Miyata A (2015) Potential Involvement of Mitochondrial Dysfunction in Major Depressive Disorder: Recent Evidence. Arch Depress

Anxiety 1(1): 019-028. DOI: 10.17352/2455-5460.000004
025


http://dx.doi.org/10.17352/2455-5460.000004
http://www.ncbi.nlm.nih.gov/pubmed/23245607
http://www.ncbi.nlm.nih.gov/pubmed/23245607
http://www.ncbi.nlm.nih.gov/pubmed/23245607
http://www.ncbi.nlm.nih.gov/pubmed/23245607
http://www.ncbi.nlm.nih.gov/pubmed/13583250
http://www.ncbi.nlm.nih.gov/pubmed/13583250
http://www.ncbi.nlm.nih.gov/pubmed/14748749
http://www.ncbi.nlm.nih.gov/pubmed/14748749
http://www.ncbi.nlm.nih.gov/pubmed/20414154
http://www.ncbi.nlm.nih.gov/pubmed/20414154
http://www.ncbi.nlm.nih.gov/pubmed/20414154
http://www.ncbi.nlm.nih.gov/pubmed/22510887
http://www.ncbi.nlm.nih.gov/pubmed/22510887
http://www.ncbi.nlm.nih.gov/pubmed/22510887
http://www.ncbi.nlm.nih.gov/pubmed/26176920
http://www.ncbi.nlm.nih.gov/pubmed/26176920
http://www.ncbi.nlm.nih.gov/pubmed/26178945
http://www.ncbi.nlm.nih.gov/pubmed/26178945
http://onlinelibrary.wiley.com/doi/10.1002/ajmg.b.32086/full
http://onlinelibrary.wiley.com/doi/10.1002/ajmg.b.32086/full
http://onlinelibrary.wiley.com/doi/10.1002/ajmg.b.32086/full
http://www.ncbi.nlm.nih.gov/pubmed/17545953
http://www.ncbi.nlm.nih.gov/pubmed/17545953
http://www.ncbi.nlm.nih.gov/pubmed/20573558
http://www.ncbi.nlm.nih.gov/pubmed/20573558
http://www.ncbi.nlm.nih.gov/pubmed/20573558
http://www.ncbi.nlm.nih.gov/pubmed/2862839
http://www.ncbi.nlm.nih.gov/pubmed/2862839
http://www.ncbi.nlm.nih.gov/pubmed/17020935
http://www.ncbi.nlm.nih.gov/pubmed/17020935
http://www.ncbi.nlm.nih.gov/pubmed/7282965
http://www.ncbi.nlm.nih.gov/pubmed/7282965
http://www.ncbi.nlm.nih.gov/pubmed/7282965
http://www.ncbi.nlm.nih.gov/pubmed/19448625
http://www.ncbi.nlm.nih.gov/pubmed/19448625
http://www.ncbi.nlm.nih.gov/pubmed/19448625
http://www.ncbi.nlm.nih.gov/pubmed/19448625
http://www.ncbi.nlm.nih.gov/pubmed/25809592
http://www.ncbi.nlm.nih.gov/pubmed/25809592
http://www.ncbi.nlm.nih.gov/pubmed/25809592
http://www.ncbi.nlm.nih.gov/pubmed/12713900
http://www.ncbi.nlm.nih.gov/pubmed/12713900
http://www.ncbi.nlm.nih.gov/pubmed/9724635
http://www.ncbi.nlm.nih.gov/pubmed/9724635
http://www.ncbi.nlm.nih.gov/pubmed/9724635
http://www.ncbi.nlm.nih.gov/pubmed/10570154
http://www.ncbi.nlm.nih.gov/pubmed/10570154
http://www.ncbi.nlm.nih.gov/pubmed/10570154
http://www.ncbi.nlm.nih.gov/pubmed/15545319
http://www.ncbi.nlm.nih.gov/pubmed/15545319
http://www.ncbi.nlm.nih.gov/pubmed/15545319
http://www.ncbi.nlm.nih.gov/pubmed/19061483
http://www.ncbi.nlm.nih.gov/pubmed/19061483
http://www.ncbi.nlm.nih.gov/pubmed/21977319
http://www.ncbi.nlm.nih.gov/pubmed/21977319
http://www.ncbi.nlm.nih.gov/pubmed/15038995
http://www.ncbi.nlm.nih.gov/pubmed/15038995
http://www.ncbi.nlm.nih.gov/pubmed/15038995
http://www.ncbi.nlm.nih.gov/pubmed/18989376
http://www.ncbi.nlm.nih.gov/pubmed/18989376
http://www.ncbi.nlm.nih.gov/pubmed/18989376
http://www.ncbi.nlm.nih.gov/pubmed/20368511
http://www.ncbi.nlm.nih.gov/pubmed/20368511
http://www.ncbi.nlm.nih.gov/pubmed/20368511
http://www.ncbi.nlm.nih.gov/pubmed/25073688
http://www.ncbi.nlm.nih.gov/pubmed/25073688
http://www.ncbi.nlm.nih.gov/pubmed/25073688
http://www.ncbi.nlm.nih.gov/pubmed/23688905
http://www.ncbi.nlm.nih.gov/pubmed/23688905
http://www.ncbi.nlm.nih.gov/pubmed/23688905
http://www.ncbi.nlm.nih.gov/pubmed/12943934
http://www.ncbi.nlm.nih.gov/pubmed/12943934
http://www.ncbi.nlm.nih.gov/pubmed/12943934
http://www.ncbi.nlm.nih.gov/pubmed/11285140
http://www.ncbi.nlm.nih.gov/pubmed/11285140
http://www.ncbi.nlm.nih.gov/pubmed/11285140
http://www.ncbi.nlm.nih.gov/pubmed/12421590
http://www.ncbi.nlm.nih.gov/pubmed/12421590
http://www.ncbi.nlm.nih.gov/pubmed/12421590
http://www.ncbi.nlm.nih.gov/pubmed/22776763
http://www.ncbi.nlm.nih.gov/pubmed/22776763
http://www.ncbi.nlm.nih.gov/pubmed/22776763
http://www.ncbi.nlm.nih.gov/pubmed/18940214
http://www.ncbi.nlm.nih.gov/pubmed/18940214
http://www.ncbi.nlm.nih.gov/pubmed/18940214

Kambe and Miyata (2015)

3

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Berman RM, Cappiello A, Anand A, Oren DA, Heninger GR, et al. (2000)
Antidepressant effects of ketamine in depressed patients. Biol Psychiatry 47:
351-354.

Rezin GT, Goncalves CL, Daufenbach JF, Fraga DB, Santos PM, et al. (2009)
Acute administration of ketamine reverses the inhibition of mitochondrial
respiratory chain induced by chronic mild stress. Brain Res Bull 79: 418-421.

Liu Y, Yang N, Hao W, Zhao Q, Ying T, et al. (2011) Dynamic proteomic
analysis of protein expression profiles in whole brain of Balb/C mice subjected
to unpredictable chronic mild stress: implications for depressive disorders
and future therapies. Neurochem Int 58: 904-913.

Garabadu D, Ahmad A, Krishnamurthy S (2015) Risperidone Attenuates
Modified Stress-Re-stress Paradigm-Induced Mitochondrial Dysfunction and
Apoptosis in Rats Exhibiting Post-traumatic Stress Disorder-Like Symptoms.
J Mol Neurosci 56: 299-312.

Gong Y, Chai Y, Ding JH, Sun XL, Hu G (2010) Chronic mild stress damages
mitochondrial ultrastructure and function in mouse brain. Neurosci Lett 488:
76-80.

Kambe Y, Miyata A (2015) Potential involvement of the mitochondrial
unfolded protein response in depressive-like symptoms in mice. Neurosci Lett
588: 166-171.

Cai N, Chang S, Li Y, Li Q, Hu J, et al. (2015) Molecular signatures of major
depression. Curr Biol 25: 1146-1156.

Liu W, Zhou C (2012) Corticosterone reduces brain mitochondrial function
and expression of mitofusin, BDNF in depression-like rodents regardless of
exercise preconditioning. Psychoneuroendocrinology 37: 1057-1070.

Batandier C, Poulet L, Hininger I, Couturier K, Fontaine E, et al. (2014) Acute
stress delays brain mitochondrial permeability transition pore opening. J
Neurochem 131: 314-322.

Zhang LF, ShiL, Liu H, Meng FT, Liu YJ, et al. (2011) Increased hippocampal
tau phosphorylation and axonal mitochondrial transport in a mouse model of
chronic stress. Int J Neuropsychopharmacol 15: 337-348.

Chen F, Wegener G, Madsen TM, Nyengaard JR (2013) Mitochondrial
plasticity of the hippocampus in a genetic rat model of depression after
antidepressant treatment. Synapse 67: 127-134.

Gawryluk JW, Wang JF, Andreazza AC, Shao L, Young LT (2011) Decreased
levels of glutathione, the major brain antioxidant, in post-mortem prefrontal
cortex from patients with psychiatric disorders. Int J Neuropsychopharmacol
14:123-130.

Bilici M, Efe H, Koroglu MA, Uydu HA, Bekaroglu M, et al. (2001) Antioxidative
enzyme activities and lipid peroxidation in major depression: alterations by
antidepressant treatments, J Affect Disord 64: 43-51.

Rybka J, Kedziora-Kornatowska K, Banas-Lezanska P, Majsterek |, Carvalho
LA, et al. (2013) Interplay between the pro-oxidant and antioxidant systems
and proinflammatory cytokine levels, in relation to iron metabolism and the
erythron in depression. Free Radic Biol Med 63: 187-194.

Zhou F, Zhang W, Wei Y, Zhou D, Su Z, et al. (2007) The changes of
oxidative stress and human 8-hydroxyguanine glycosylasel gene expression
in depressive patients with acute leukemia. Leuk Res 31: 387-393.

Moreno-Fernandez AM, Cordero MD, Garrido-Maraver J, Alcocer-Gomez
E, Casas-Barquero N, et al. (2012) Oral treatment with amitriptyline induces
coenzyme Q deficiency and oxidative stress in psychiatric patients. J
Psychiatr Res 46: 341-345.

Bajpai A, Verma AK, Srivastava M, Srivastava R (2014) Oxidative stress and
major depression. J Clin Diagn Res 8: CC04-07.

Kendler KS (1997) The diagnostic validity of melancholic major depression
in a population-based sample of female twins. Arch Gen Psychiatry 54: 299-
304.

Moreno J, Gaspar E, Lopez-Bello G, Juarez E, Alcazar-Leyva S, et al. (2012)
Increase in nitric oxide levels and mitochondrial membrane potential in
platelets of untreated patients with major depression. Psychiatry Res 209:
447-452.

51.

52.

53

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64

65.

66.

67.

68.

Maes M, Mihaylova I, Kubera M, Uytterhoeven M, Vrydags N, et al. (2009)
Increased 8-hydroxy-deoxyguanosine, a marker of oxidative damage to
DNA, in major depression and myalgic encephalomyelitis / chronic fatigue
syndrome. Neuro Endocrinol Lett 30: 715-722.

Czarny P, Kwiatkowski D, Kacperska D, Kawczynska D, Talarowska M, et al.
(2015) Elevated level of DNA damage and impaired repair of oxidative DNA
damage in patients with recurrent depressive disorder. Med Sci Monit 21:
412-418.

.Chang CC, Jou SH, Lin TT, Lai TJ, Liu CS (2015) Mitochondria DNA change

and oxidative damage in clinically stable patients with major depressive
disorder. PLoS One 10: e0125855.

Cumurcu BE, Ozyurt H, Etikan |, Demir S, Karlidag R (2009) Total antioxidant
capacity and total oxidant status in patients with major depression: impact of
antidepressant treatment. Psychiatry Clin Neurosci 63: 639-645.

Ng F, Berk M, Dean O, Bush Al (2008) Oxidative stress in psychiatric disorders:
evidence base and therapeutic implications. Int J Neuropsychopharmacol 11:
851-876.

Szuster-Ciesielska A, Slotwinska M, Stachura A, Marmurowska-Michalowska
H, Dubas-Slemp H, et al. (2008) Accelerated apoptosis of blood leukocytes
and oxidative stress in blood of patients with major depression. Prog
Neuropsychopharmacol Biol Psychiatry 32: 686-694.

Galecki P, Smigielski J, Florkowski A, Bobinska K, Pietras T, et al. (2010)
Analysis of two polymorphisms of the manganese superoxide dismutase
gene (lle-58Thr and Ala-9Val) in patients with recurrent depressive disorder.
Psychiatry Res 179: 43-46.

Grases G, Colom MA, Fernandez RA, Costa-Bauza A, Grases F (2014)
Evidence of higher oxidative status in depression and anxiety. Oxid Med Cell
Longev 2014: 430216.

Lucca G, Comim CM, Valvassori SS, Reus GZ, Vuolo F, et al. (2009) Effects
of chronic mild stress on the oxidative parameters in the rat brain. Neurochem
Int 54: 358-362.

Lucca G, Comim CM, Valvassori SS, Reus GZ, Vuolo F, et al. (2009)
Increased oxidative stress in submitochondrial particles into the brain of rats
submitted to the chronic mild stress paradigm. J Psychiatr Res 43: 864-869.

Che Y, Zhou Z, Shu Y, Zhai C, Zhu Y, et al. (2015) Chronic unpredictable
stress impairs endogenous antioxidant defense in rat brain. Neurosci Lett
584: 208-213.

Seo JS, Park JY, Choi J, Kim TK, Shin JH, et al. (2012) NADPH oxidase
mediates depressive behavior induced by chronic stress in mice. J Neurosci
32: 9690-9699.

Pedreanez A, Arcaya JL, Carrizo E, Mosquera J (2006) Forced swimming
test increases superoxide anion positive cells and angiotensin Il positive cells
in the cerebrum and cerebellum of the rat. Brain Res Bull 71: 18-22.

. Moretti M, Colla A, de Oliveira Balen G, dos Santos DB, Budni J, et al.

(2011) Ascorbic acid treatment, similarly to fluoxetine, reverses depressive-
like behavior and brain oxidative damage induced by chronic unpredictable
stress. J Psychiatr Res 46: 331-340.

Murray F, Smith DW, Hutson PH (2008) Chronic low dose corticosterone
exposure decreased hippocampal cell proliferation, volume and induced
anxiety and depression like behaviours in mice. Eur J Pharmacol 583: 115-
127.

Ulloa JL, Castaneda P, Berrios C, Diaz-Veliz G, Mora S, et al. (2010)
Comparison of the antidepressant sertraline on differential depression-
like behaviors elicited by restraint stress and repeated corticosterone
administration. Pharmacol Biochem Behav 97: 213-221.

Carek PJ, Laibstain SE, Carek SM (2011) Exercise for the treatment of
depression and anxiety. Int J Psychiatry Med 41: 15-28.

McKercher CM, Schmidt MD, Sanderson KA, Patton GC, Dwyer T, et al.
(2009) Physical activity and depression in young adults. Am J Prev Med 36:
161-164.

Citation: Kambe Y, Miyata A (2015) Potential Involvement of Mitochondrial Dysfunction in Major Depressive Disorder: Recent Evidence. Arch Depress

Anxiety 1(1): 019-028. DOI: 10.17352/2455-5460.000004

026


http://dx.doi.org/10.17352/2455-5460.000004
http://www.ncbi.nlm.nih.gov/pubmed/10686270
http://www.ncbi.nlm.nih.gov/pubmed/10686270
http://www.ncbi.nlm.nih.gov/pubmed/10686270
http://www.ncbi.nlm.nih.gov/pubmed/19393724
http://www.ncbi.nlm.nih.gov/pubmed/19393724
http://www.ncbi.nlm.nih.gov/pubmed/19393724
http://www.ncbi.nlm.nih.gov/pubmed/21349309
http://www.ncbi.nlm.nih.gov/pubmed/21349309
http://www.ncbi.nlm.nih.gov/pubmed/21349309
http://www.ncbi.nlm.nih.gov/pubmed/21349309
http://www.ncbi.nlm.nih.gov/pubmed/25750029
http://www.ncbi.nlm.nih.gov/pubmed/25750029
http://www.ncbi.nlm.nih.gov/pubmed/25750029
http://www.ncbi.nlm.nih.gov/pubmed/25750029
http://www.ncbi.nlm.nih.gov/pubmed/21070835
http://www.ncbi.nlm.nih.gov/pubmed/21070835
http://www.ncbi.nlm.nih.gov/pubmed/21070835
http://www.ncbi.nlm.nih.gov/pubmed/25576703
http://www.ncbi.nlm.nih.gov/pubmed/25576703
http://www.ncbi.nlm.nih.gov/pubmed/25576703
http://www.ncbi.nlm.nih.gov/pubmed/25913401
http://www.ncbi.nlm.nih.gov/pubmed/25913401
http://www.ncbi.nlm.nih.gov/pubmed/22244747
http://www.ncbi.nlm.nih.gov/pubmed/22244747
http://www.ncbi.nlm.nih.gov/pubmed/22244747
http://www.ncbi.nlm.nih.gov/pubmed/24989320
http://www.ncbi.nlm.nih.gov/pubmed/24989320
http://www.ncbi.nlm.nih.gov/pubmed/24989320
http://www.ncbi.nlm.nih.gov/pubmed/21418733
http://www.ncbi.nlm.nih.gov/pubmed/21418733
http://www.ncbi.nlm.nih.gov/pubmed/21418733
http://www.ncbi.nlm.nih.gov/pubmed/23152197
http://www.ncbi.nlm.nih.gov/pubmed/23152197
http://www.ncbi.nlm.nih.gov/pubmed/23152197
http://www.ncbi.nlm.nih.gov/pubmed/20633320
http://www.ncbi.nlm.nih.gov/pubmed/20633320
http://www.ncbi.nlm.nih.gov/pubmed/20633320
http://www.ncbi.nlm.nih.gov/pubmed/20633320
http://www.ncbi.nlm.nih.gov/pubmed/11292519
http://www.ncbi.nlm.nih.gov/pubmed/11292519
http://www.ncbi.nlm.nih.gov/pubmed/11292519
http://www.ncbi.nlm.nih.gov/pubmed/23707456
http://www.ncbi.nlm.nih.gov/pubmed/23707456
http://www.ncbi.nlm.nih.gov/pubmed/23707456
http://www.ncbi.nlm.nih.gov/pubmed/23707456
http://www.ncbi.nlm.nih.gov/pubmed/16949154
http://www.ncbi.nlm.nih.gov/pubmed/16949154
http://www.ncbi.nlm.nih.gov/pubmed/16949154
http://www.ncbi.nlm.nih.gov/pubmed/22118833
http://www.ncbi.nlm.nih.gov/pubmed/22118833
http://www.ncbi.nlm.nih.gov/pubmed/22118833
http://www.ncbi.nlm.nih.gov/pubmed/22118833
http://www.ncbi.nlm.nih.gov/pubmed/25653939
http://www.ncbi.nlm.nih.gov/pubmed/25653939
http://www.ncbi.nlm.nih.gov/pubmed/9107145
http://www.ncbi.nlm.nih.gov/pubmed/9107145
http://www.ncbi.nlm.nih.gov/pubmed/9107145
http://www.ncbi.nlm.nih.gov/pubmed/23357685
http://www.ncbi.nlm.nih.gov/pubmed/23357685
http://www.ncbi.nlm.nih.gov/pubmed/23357685
http://www.ncbi.nlm.nih.gov/pubmed/23357685
http://www.ncbi.nlm.nih.gov/pubmed/20035260
http://www.ncbi.nlm.nih.gov/pubmed/20035260
http://www.ncbi.nlm.nih.gov/pubmed/20035260
http://www.ncbi.nlm.nih.gov/pubmed/20035260
http://www.ncbi.nlm.nih.gov/pubmed/25656523
http://www.ncbi.nlm.nih.gov/pubmed/25656523
http://www.ncbi.nlm.nih.gov/pubmed/25656523
http://www.ncbi.nlm.nih.gov/pubmed/25656523
http://www.ncbi.nlm.nih.gov/pubmed/25946463
http://www.ncbi.nlm.nih.gov/pubmed/25946463
http://www.ncbi.nlm.nih.gov/pubmed/25946463
http://www.ncbi.nlm.nih.gov/pubmed/19674383
http://www.ncbi.nlm.nih.gov/pubmed/19674383
http://www.ncbi.nlm.nih.gov/pubmed/19674383
http://www.ncbi.nlm.nih.gov/pubmed/18205981
http://www.ncbi.nlm.nih.gov/pubmed/18205981
http://www.ncbi.nlm.nih.gov/pubmed/18205981
http://www.ncbi.nlm.nih.gov/pubmed/18083280
http://www.ncbi.nlm.nih.gov/pubmed/18083280
http://www.ncbi.nlm.nih.gov/pubmed/18083280
http://www.ncbi.nlm.nih.gov/pubmed/18083280
http://www.ncbi.nlm.nih.gov/pubmed/20478627
http://www.ncbi.nlm.nih.gov/pubmed/20478627
http://www.ncbi.nlm.nih.gov/pubmed/20478627
http://www.ncbi.nlm.nih.gov/pubmed/20478627
http://www.ncbi.nlm.nih.gov/pubmed/24876911
http://www.ncbi.nlm.nih.gov/pubmed/24876911
http://www.ncbi.nlm.nih.gov/pubmed/24876911
http://www.ncbi.nlm.nih.gov/pubmed/19171172
http://www.ncbi.nlm.nih.gov/pubmed/19171172
http://www.ncbi.nlm.nih.gov/pubmed/19171172
http://www.ncbi.nlm.nih.gov/pubmed/19100996
http://www.ncbi.nlm.nih.gov/pubmed/19100996
http://www.ncbi.nlm.nih.gov/pubmed/19100996
http://www.ncbi.nlm.nih.gov/pubmed/25449866
http://www.ncbi.nlm.nih.gov/pubmed/25449866
http://www.ncbi.nlm.nih.gov/pubmed/25449866
http://www.ncbi.nlm.nih.gov/pubmed/22787054
http://www.ncbi.nlm.nih.gov/pubmed/22787054
http://www.ncbi.nlm.nih.gov/pubmed/22787054
http://www.ncbi.nlm.nih.gov/pubmed/17113923
http://www.ncbi.nlm.nih.gov/pubmed/17113923
http://www.ncbi.nlm.nih.gov/pubmed/17113923
http://www.ncbi.nlm.nih.gov/pubmed/22154133
http://www.ncbi.nlm.nih.gov/pubmed/22154133
http://www.ncbi.nlm.nih.gov/pubmed/22154133
http://www.ncbi.nlm.nih.gov/pubmed/22154133
http://www.ncbi.nlm.nih.gov/pubmed/18289522
http://www.ncbi.nlm.nih.gov/pubmed/18289522
http://www.ncbi.nlm.nih.gov/pubmed/18289522
http://www.ncbi.nlm.nih.gov/pubmed/18289522
http://www.ncbi.nlm.nih.gov/pubmed/20705085
http://www.ncbi.nlm.nih.gov/pubmed/20705085
http://www.ncbi.nlm.nih.gov/pubmed/20705085
http://www.ncbi.nlm.nih.gov/pubmed/20705085
http://www.ncbi.nlm.nih.gov/pubmed/21495519
http://www.ncbi.nlm.nih.gov/pubmed/21495519
http://www.ncbi.nlm.nih.gov/pubmed/19062235
http://www.ncbi.nlm.nih.gov/pubmed/19062235
http://www.ncbi.nlm.nih.gov/pubmed/19062235

Kambe and Miyata (2015)

3

69. Alexeyev M, Shokolenko I, Wilson G, LeDoux S (2013) The maintenance of
mitochondrial DNA integrity--critical analysis and update. Cold Spring Harb
Perspect Biol 5: a012641.

70.Shao L, Martin MV, Watson SJ, Schatzberg A, Akil H, et al. (2008)
Mitochondrial involvement in psychiatric disorders. Ann Med 40: 281-295.

71. Torrell H, Montana E, Abasolo N, Roig B, Gaviria AM, et al. (2013)
Mitochondrial DNA (mtDNA) in brain samples from patients with major
psychiatric disorders: gene expression profiles, mtDNA content and presence
of the mtDNA common deletion. Am J Med Genet B Neuropsychiatr Genet
162B: 213-223.

72. Mamdani F, Rollins B, Morgan L, Sequeira PA, Vawter MP (2014) The somatic
common deletion in mitochondrial DNA is decreased in schizophrenia.
Schizophr Res 159: 370-375.

73. Tyrka AR, Parade SH, Price LH, Kao HT, Porton B, et al. (2015) Alterations of
Mitochondrial DNA Copy Number and Telomere Length with Early Adversity
and Psychopathology. Biol Psychiatry 00041-44.

74.Kim MY, Lee JW, Kang HC, Kim E, Lee DC (2011) Leukocyte mitochondrial
DNA (mtDNA) content is associated with depression in old women. Arch
Gerontol Geriatr 53: €218-221.

75.He Y, Tang J, Li Z, Li H, Liao Y, et al. (2014) Leukocyte mitochondrial DNA
copy number in blood is not associated with major depressive disorder in
young adults. PLoS One 9: e96869.

7

[}

. Flint J, Kendler KS (2014) The genetics of major depression. Neuron 81: 484-
503.

77.Vawter MP, Tomita H, Meng F, Bolstad B, Li J, et al. (2006) Mitochondrial-
related gene expression changes are sensitive to agonal-pH state:
implications for brain disorders. Mol Psychiatry 11: 615, 663-679.

7

[ec]

. Beasley CL, Pennington K, Behan A, Wait R, Dunn MJ, et al. (2006) Proteomic
analysis of the anterior cingulate cortex in the major psychiatric disorders:
Evidence for disease-associated changes. Proteomics 6: 3414-3425.

79.Kishi T, Yoshimura R, Kitajima T, Okochi T, Okumura T, et al. (2010)
SIRT1 gene is associated with major depressive disorder in the Japanese
population. J Affect Disord 126: 167-173.

80. Abe N, Uchida S, Otsuki K, Hobara T, Yamagata H, et al. (2011) Altered
sirtuin deacetylase gene expression in patients with a mood disorder. J
Psychiatr Res 45: 1106-1112.

81. Price NL, Gomes AP, Ling AJ, Duarte FV, Martin-Montalvo A, et al. (2012)
SIRT1 is required for AMPK activation and the beneficial effects of resveratrol
on mitochondrial function. Cell Metab 15: 675-690.

8

N

. Planavila A, Dominguez E, Navarro M, Vinciguerra M, Iglesias R, et al. (2012)
Dilated cardiomyopathy and mitochondrial dysfunction in Sirt1-deficient mice:
a role for Sirt1-Mef2 in adult heart. J Mol Cell Cardiol 53: 521-531.

8

w

. Chakravarty S, Reddy BR, Sudhakar SR, Saxena S, Das T, et al. (2013)

Chronic unpredictable stress (CUS)-induced anxiety and related mood
disorders in a zebrafish model: altered brain proteome profile implicates
mitochondrial dysfunction. PLoS One 8: e63302.

84. Zubenko GS, Hughes HB, 3rd (2011) Replacement of homologous mouse
DNA sequence with pathogenic 6-base human CREB1 promoter sequence
creates murine model of major depressive disorder. Am J Med Genet B
Neuropsychiatr Genet 156B: 517-531.

85. Zubenko GS, Hughes HB, 3rd, Jordan RM, Lyons-Weiler J, Cohen BM
(2014) Differential hippocampal gene expression and pathway analysis in an
etiology-based mouse model of major depressive disorder. Am J Med Genet
B Neuropsychiatr Genet 165B: 457-466.

86. Linde K, Ramirez G, Mulrow CD, Pauls A, Weidenhammer W, et al. (1996)
St John’s wort for depression--an overview and meta-analysis of randomised
clinical trials. BMJ 313: 253-258.

87. Wong ML, O’Kirwan F, Hannestad JP, Irizarry KJ, Elashoff D, et al. (2004) St
John’s wort and imipramine-induced gene expression profiles identify cellular
functions relevant to antidepressant action and novel pharmacogenetic

candidates for the phenotype of antidepressant treatment response. Mol
Psychiatry 9: 237-251.

88. Fan X, Li D, Lichti CF, Green TA (2013) Dynamic proteomics of nucleus
accumbens in response to acute psychological stress in environmentally
enriched and isolated rats. PLoS One 8: e73689.

89. Zhu X, Peng X, Guan MX, Yan Q (2009) Pathogenic mutations of nuclear
genes associated with mitochondrial disorders. Acta Biochim Biophys Sin
(Shanghai) 41: 179-187.

90. Tuppen HA, Blakely EL, Turnbull DM, Taylor RW (2010) Mitochondrial DNA
mutations and human disease. Biochim Biophys Acta 1797: 113-128.

91. Schaefer AM, Taylor RW, Turnbull DM, Chinnery PF (2004) The epidemiology
of mitochondrial disorders--past, present and future. Biochim Biophys Acta
1659: 115-120.

92. Koene S, Kozicz TL, Rodenburg RJ, Verhaak CM, de Vries MC, et al. (2009)
Major depression in adolescent children consecutively diagnosed with
mitochondrial disorder. J Affect Disord 114: 327-332.

93. Merikangas KR, He JP, Brody D, Fisher PW, Bourdon K, et al. (2010)
Prevalence and treatment of mental disorders among US children in the
2001-2004 NHANES. Pediatrics 125: 75-81.

94. Boles RG, Burnett BB, Gleditsch K, Wong S, Guedalia A, et al. (2005) A
high predisposition to depression and anxiety in mothers and other matrilineal
relatives of children with presumed maternally inherited mitochondrial
disorders. Am J Med Genet B Neuropsychiatr Genet 137B: 20-24.

95. Burnett BB, Gardner A, Boles RG (2005) Mitochondrial inheritance in
depression, dysmotility and migraine?. J Affect Disord 88: 109-116.

96. Gardner A, Boles RG (2010) Beyond the serotonin hypothesis: mitochondria,
inflammation and neurodegeneration in major depression and affective
spectrum disorders. Prog Neuropsychopharmacol Biol Psychiatry 35: 730-
743.

97. Sharpley MS, Marciniak C, Eckel-Mahan K, McManus M, Crimi M, et al.
(2012) Heteroplasmy of mouse mtDNA is genetically unstable and results in
altered behavior and cognition. Cell 151: 333-343.

98. Gimsa U, Kanitz E, Otten W, Ibrahim SM (2009) Behavior and stress reactivity
in mouse strains with mitochondrial DNA variations. Ann N Y Acad Sci 1153:
131-138.

99. Lauritzen KH, Moldestad O, Eide L, Carlsen H, Nesse G, et al. (2010)
Mitochondrial DNA toxicity in forebrain neurons causes apoptosis,
neurodegeneration, and impaired behavior. Mol Cell Biol 30: 1357-1367.

100.Kasahara T, Kubota M, Miyauchi T, Noda Y, Mouri A, et al. (2006) Mice with
neuron-specific accumulation of mitochondrial DNA mutations show mood
disorder-like phenotypes. Mol Psychiatry 11: 577-593, 523.

101.Brandon NJ, Sawa A (2011) Linking neurodevelopmental and synaptic
theories of mental illness through DISC1. Nat Rev Neurosci 12: 707-722.

102.Park YU, Jeong J, Lee H, Mun JY, Kim JH, et al. (2010) Disrupted-in-
schizophrenia 1 (DISC1) plays essential roles in mitochondria in collaboration
with Mitofilin. Proc Natl Acad Sci U S A 107: 17785-17790.

103.0gawa F, Malavasi EL, Crummie DK, Eykelenboom JE, Soares DC, et al.
(2013) DISC1 complexes with TRAK1 and Mirol to modulate anterograde
axonal mitochondrial trafficking. Hum Mol Genet 23: 906-919.

104.Niwa M, Jaaro-Peled H, Tankou S, Seshadri S, Hikida T, et al. (2013)
Adolescent stress-induced epigenetic control of dopaminergic neurons via
glucocorticoids. Science 339: 335-339.

105.Rangaraju V, Calloway N, Ryan TA (2014) Activity-driven local ATP
synthesis is required for synaptic function. Cell 156: 825-835.

106.Pathak D, Shields L, Mendelsohn BA, Haddad D, Lin W, et al. (2015) The
Role of Mitochondrially Derived ATP in Synaptic Vesicle Recycling. J Biol
Chem 290: 22325-22336.

107.SunT, Qiao H, Pan PY, Chen Y, Sheng ZH (2013) Motile axonal mitochondria
contribute to the variability of presynaptic strength. Cell Rep 4: 413-419.

Citation: Kambe Y, Miyata A (2015) Potential Involvement of Mitochondrial Dysfunction in Major Depressive Disorder: Recent Evidence. Arch Depress

Anxiety 1(1): 019-028. DOI: 10.17352/2455-5460.000004
027


http://dx.doi.org/10.17352/2455-5460.000004
http://www.ncbi.nlm.nih.gov/pubmed/23637283
http://www.ncbi.nlm.nih.gov/pubmed/23637283
http://www.ncbi.nlm.nih.gov/pubmed/23637283
http://www.ncbi.nlm.nih.gov/pubmed/18428021
http://www.ncbi.nlm.nih.gov/pubmed/18428021
http://www.ncbi.nlm.nih.gov/pubmed/23355257
http://www.ncbi.nlm.nih.gov/pubmed/23355257
http://www.ncbi.nlm.nih.gov/pubmed/23355257
http://www.ncbi.nlm.nih.gov/pubmed/23355257
http://www.ncbi.nlm.nih.gov/pubmed/23355257
http://www.ncbi.nlm.nih.gov/pubmed/25270547
http://www.ncbi.nlm.nih.gov/pubmed/25270547
http://www.ncbi.nlm.nih.gov/pubmed/25270547
http://www.ncbi.nlm.nih.gov/pubmed/25749099
http://www.ncbi.nlm.nih.gov/pubmed/25749099
http://www.ncbi.nlm.nih.gov/pubmed/25749099
http://www.ncbi.nlm.nih.gov/pubmed/21159390
http://www.ncbi.nlm.nih.gov/pubmed/21159390
http://www.ncbi.nlm.nih.gov/pubmed/21159390
http://www.ncbi.nlm.nih.gov/pubmed/24809340
http://www.ncbi.nlm.nih.gov/pubmed/24809340
http://www.ncbi.nlm.nih.gov/pubmed/24809340
http://www.ncbi.nlm.nih.gov/pubmed/24507187
http://www.ncbi.nlm.nih.gov/pubmed/24507187
http://www.ncbi.nlm.nih.gov/pubmed/16636682
http://www.ncbi.nlm.nih.gov/pubmed/16636682
http://www.ncbi.nlm.nih.gov/pubmed/16636682
http://www.ncbi.nlm.nih.gov/pubmed/16637010
http://www.ncbi.nlm.nih.gov/pubmed/16637010
http://www.ncbi.nlm.nih.gov/pubmed/16637010
http://www.ncbi.nlm.nih.gov/pubmed/20451257
http://www.ncbi.nlm.nih.gov/pubmed/20451257
http://www.ncbi.nlm.nih.gov/pubmed/20451257
http://www.ncbi.nlm.nih.gov/pubmed/21349544
http://www.ncbi.nlm.nih.gov/pubmed/21349544
http://www.ncbi.nlm.nih.gov/pubmed/21349544
http://www.ncbi.nlm.nih.gov/pubmed/22560220
http://www.ncbi.nlm.nih.gov/pubmed/22560220
http://www.ncbi.nlm.nih.gov/pubmed/22560220
http://www.ncbi.nlm.nih.gov/pubmed/22986367
http://www.ncbi.nlm.nih.gov/pubmed/22986367
http://www.ncbi.nlm.nih.gov/pubmed/22986367
http://www.ncbi.nlm.nih.gov/pubmed/23691016
http://www.ncbi.nlm.nih.gov/pubmed/23691016
http://www.ncbi.nlm.nih.gov/pubmed/23691016
http://www.ncbi.nlm.nih.gov/pubmed/23691016
http://www.ncbi.nlm.nih.gov/pubmed/21598377
http://www.ncbi.nlm.nih.gov/pubmed/21598377
http://www.ncbi.nlm.nih.gov/pubmed/21598377
http://www.ncbi.nlm.nih.gov/pubmed/21598377
http://www.ncbi.nlm.nih.gov/pubmed/25059218
http://www.ncbi.nlm.nih.gov/pubmed/25059218
http://www.ncbi.nlm.nih.gov/pubmed/25059218
http://www.ncbi.nlm.nih.gov/pubmed/25059218
http://www.ncbi.nlm.nih.gov/pubmed/8704532
http://www.ncbi.nlm.nih.gov/pubmed/8704532
http://www.ncbi.nlm.nih.gov/pubmed/8704532
http://www.ncbi.nlm.nih.gov/pubmed/14743185
http://www.ncbi.nlm.nih.gov/pubmed/14743185
http://www.ncbi.nlm.nih.gov/pubmed/14743185
http://www.ncbi.nlm.nih.gov/pubmed/14743185
http://www.ncbi.nlm.nih.gov/pubmed/14743185
http://www.ncbi.nlm.nih.gov/pubmed/24040027
http://www.ncbi.nlm.nih.gov/pubmed/24040027
http://www.ncbi.nlm.nih.gov/pubmed/24040027
http://www.ncbi.nlm.nih.gov/pubmed/19280056
http://www.ncbi.nlm.nih.gov/pubmed/19280056
http://www.ncbi.nlm.nih.gov/pubmed/19280056
http://www.ncbi.nlm.nih.gov/pubmed/19761752
http://www.ncbi.nlm.nih.gov/pubmed/19761752
http://www.ncbi.nlm.nih.gov/pubmed/15576042
http://www.ncbi.nlm.nih.gov/pubmed/15576042
http://www.ncbi.nlm.nih.gov/pubmed/15576042
http://www.ncbi.nlm.nih.gov/pubmed/18692904
http://www.ncbi.nlm.nih.gov/pubmed/18692904
http://www.ncbi.nlm.nih.gov/pubmed/18692904
http://www.ncbi.nlm.nih.gov/pubmed/20008426
http://www.ncbi.nlm.nih.gov/pubmed/20008426
http://www.ncbi.nlm.nih.gov/pubmed/20008426
http://www.ncbi.nlm.nih.gov/pubmed/15965966
http://www.ncbi.nlm.nih.gov/pubmed/15965966
http://www.ncbi.nlm.nih.gov/pubmed/15965966
http://www.ncbi.nlm.nih.gov/pubmed/15965966
http://www.ncbi.nlm.nih.gov/pubmed/16019080
http://www.ncbi.nlm.nih.gov/pubmed/16019080
http://www.ncbi.nlm.nih.gov/pubmed/20691744
http://www.ncbi.nlm.nih.gov/pubmed/20691744
http://www.ncbi.nlm.nih.gov/pubmed/20691744
http://www.ncbi.nlm.nih.gov/pubmed/20691744
http://www.ncbi.nlm.nih.gov/pubmed/23063123
http://www.ncbi.nlm.nih.gov/pubmed/23063123
http://www.ncbi.nlm.nih.gov/pubmed/23063123
http://www.ncbi.nlm.nih.gov/pubmed/19236336
http://www.ncbi.nlm.nih.gov/pubmed/19236336
http://www.ncbi.nlm.nih.gov/pubmed/19236336
http://www.ncbi.nlm.nih.gov/pubmed/20065039
http://www.ncbi.nlm.nih.gov/pubmed/20065039
http://www.ncbi.nlm.nih.gov/pubmed/20065039
http://www.ncbi.nlm.nih.gov/pubmed/16619054
http://www.ncbi.nlm.nih.gov/pubmed/16619054
http://www.ncbi.nlm.nih.gov/pubmed/16619054
http://www.ncbi.nlm.nih.gov/pubmed/22095064
http://www.ncbi.nlm.nih.gov/pubmed/22095064
http://www.ncbi.nlm.nih.gov/pubmed/20880836
http://www.ncbi.nlm.nih.gov/pubmed/20880836
http://www.ncbi.nlm.nih.gov/pubmed/20880836
http://www.ncbi.nlm.nih.gov/pubmed/24092329
http://www.ncbi.nlm.nih.gov/pubmed/24092329
http://www.ncbi.nlm.nih.gov/pubmed/24092329
http://www.ncbi.nlm.nih.gov/pubmed/23329051
http://www.ncbi.nlm.nih.gov/pubmed/23329051
http://www.ncbi.nlm.nih.gov/pubmed/23329051
http://www.ncbi.nlm.nih.gov/pubmed/24529383
http://www.ncbi.nlm.nih.gov/pubmed/24529383
http://www.ncbi.nlm.nih.gov/pubmed/26126824
http://www.ncbi.nlm.nih.gov/pubmed/26126824
http://www.ncbi.nlm.nih.gov/pubmed/26126824
http://www.ncbi.nlm.nih.gov/pubmed/23891000
http://www.ncbi.nlm.nih.gov/pubmed/23891000

Kambe and Miyata (2015)

3

108.Ishihara N, Nomura M, Jofuku A, Kato H, Suzuki SO, et al. (2009)
Mitochondrial fission factor Drp1 is essential for embryonic development and
synapse formation in mice. Nat Cell Biol 11: 958-966.

109.Li Z, Okamoto K, Hayashi Y, Sheng M (2004) The importance of dendritic
mitochondria in the morphogenesis and plasticity of spines and synapses.
Cell 119: 873-887.

110.Gioran A, Nicotera P, Bano D (2014) Impaired mitochondrial respiration
promotes dendritic branching via the AMPK signaling pathway. Cell Death
Dis 5: e1175.

111.Kimura T, Murakami F (2014) Evidence that dendritic mitochondria negatively
regulate dendritic branching in pyramidal neurons in the neocortex. J
Neurosci 34: 6938-6951.

112.Kambe Y, Miyata A (2012) Role of mitochondrial activation in PACAP
dependent neurite outgrowth. J Mol Neurosci 48: 550-557.

113.Dickey AS, Strack S (2011) PKA/AKAP1 and PP2A/Bbeta2 regulate neuronal
morphogenesis via Drpl phosphorylation and mitochondrial bioenergetics. J
Neurosci 31: 15716-15726.

Copyright: © 2015 Kambe Y, et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Citation: Kambe Y, Miyata A (2015) Potential Involvement of Mitochondrial Dysfunction in Major Depressive Disorder: Recent Evidence. Arch Depress

Anxiety 1(1): 019-028. DOI: 10.17352/2455-5460.000004
028


http://dx.doi.org/10.17352/2455-5460.000004
http://www.ncbi.nlm.nih.gov/pubmed/19578372
http://www.ncbi.nlm.nih.gov/pubmed/19578372
http://www.ncbi.nlm.nih.gov/pubmed/19578372
http://www.ncbi.nlm.nih.gov/pubmed/15607982
http://www.ncbi.nlm.nih.gov/pubmed/15607982
http://www.ncbi.nlm.nih.gov/pubmed/15607982
http://www.ncbi.nlm.nih.gov/pubmed/24722300
http://www.ncbi.nlm.nih.gov/pubmed/24722300
http://www.ncbi.nlm.nih.gov/pubmed/24722300
http://www.ncbi.nlm.nih.gov/pubmed/24828647
http://www.ncbi.nlm.nih.gov/pubmed/24828647
http://www.ncbi.nlm.nih.gov/pubmed/24828647
http://www.ncbi.nlm.nih.gov/pubmed/22460784
http://www.ncbi.nlm.nih.gov/pubmed/22460784
http://www.ncbi.nlm.nih.gov/pubmed/22049414
http://www.ncbi.nlm.nih.gov/pubmed/22049414
http://www.ncbi.nlm.nih.gov/pubmed/22049414

	Title
	Abstract
	Abbreviations
	Introduction
	The cellular energy horse, mitochondria 
	Mitochondria as an intracellular calcium store 
	Reactive oxygen species (ROS) as a byproduct of ETC 
	Mitochondrial dysfunction in MDD 
	ROS and its derivatives 
	Mitochondrial DNA (mtDNA) modification 
	OMIX or GWAS analysis in major depressive disorder 
	Inherited deficit on mitochondria 
	Potential sites of action of mitochondrial deficiency in the nervous system 

	Summary
	Acknowledgements
	References
	Figure 1

