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Bipolar disorder (BD) is a chronic, debilitating iliness with a global prevalence of up to 4.8%. The importance of understanding how
dysfunctional mitochondria and mitophagy contribute to cell survival and death in BD is becoming increasingly apparent.
Therefore, the purpose of this study was to evaluate the mitophagic pathway and NLRP3 inflammasome activation in peripheral
blood mononuclear cells (PBMCs) of patients with BD and healthy individuals. Since 18-kDa translocator protein (TSPO) plays an
important role in regulating mitochondrial function and since TSPO itself impairs cellular mitophagy, we also investigated the
changes in the TSPO-related pathway. Our results showed that patients with BD had lower levels of Parkin, p62/SQSTM1 and LC3A
and an upregulation of TSPO pathway proteins (TSPO and VDAC), both in terms of mRNA and protein levels. Additionally, we found
a negative correlation between mitophagy-related proteins and TSPO levels, while VDAC correlated negatively with p62/SQSTM1
and LC3 protein levels. Moreover, we found that the gene expression levels of the NLRP3-related proteins NLRP3, ASC, and pro-
casp1 were upregulated in BD patients, followed by an increase in caspase-1 activity as well as IL-13 and IL-18 levels. As expected,
there was a strong positive correlation between NLRP3-related inflammasome activation and TSPO-related proteins. The data
reported here suggest that TSPO-VDAC complex upregulation in BD patients, the simultaneous downregulation of mitophagic

proteins and NLRP3 inflammasome activation could lead to an accumulation of dysfunctional mitochondria, resulting in
inflammation and apoptosis. In summary, the findings of this study provide novel evidence that mitochondrial dysfunction

measured in peripheral blood is associated with BD.
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INTRODUCTION

Bipolar disorder (BD) is a mental health condition that affects
approximately 1% of the population. BD is characterized by
unusual shifts in mood, energy, activity levels, and ability to
function as well as cognitive impairment [1, 2]. Acute episodes are
associated with cognitive and functional impairments [3], which
tend to worsen with the progression of the illness [4-7]. Despite
the superior cognitive capacity often present in at-risk individuals
[8], patients with a long-term course of illness present with
significant impairment in neuropsychological performance com-
pared to early-stage patients and controls [4, 9].

Although knowledge regarding the neurobiology of BD is
expanding rapidly, and studies have focused on efforts to better
characterize the biological basis of this disorder, the precise
pathophysiology of BD remains unknown [10]. BD is a complex
pathology that involves several biological pathways, including the
interaction of molecular, cellular, and behavioral mechanisms with
susceptibility genes, environmental stressors, and biochemical

mechanisms [4], leading to inflammation; oxidative stress;
mitochondrial and endoplasmic reticulum dysfunction; disrupted
apoptotic and neurogenesis pathways [11-14]; and dysregulation
of multiple neural systems [15-17]. In recent years, increasing
attention has been focused on understanding the relationship
between mitochondrial dysfunction and BD. Mitochondrial
dysfunction is a characteristic feature of many chronic illnesses
that are not currently classified as mitochondrial diseases, such as
multiple sclerosis, Parkinson’s disease, schizophrenia, depression,
autism, and chronic fatigue syndrome [18].

Mitochondria are highly dynamic and act as a central point of
the equilibrium between health and disease. In this respect, the
adaptation of energy supply to energy demand is central to vital
cellular bioenergetic homeostasis and is critically regulated by the
dynamics and turnover of the mitochondrial population. A
damaged mitochondrion may be able to segregate its damaged
components into subcompartments and divide, whereas the
healthy mitochondrion with the healthier membrane potential will
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continue to participate in fusion and fission cycles, and the
depolarized damaged mitochondrion is often degraded through
mitophagy by the PTEN-induced kinase 1 (PINK1)-Parkin pathway
[19]. We have previously found downregulation of the mitochon-
drial fusion-related proteins Mfn-2 and Opa-1 and the upregula-
tion of the fission protein Fis-1 in peripheral blood mononuclear
cells (PBMCs) from patients with BD at both gene and protein
expression levels [20].

The mitochondrial permeability transition, which is involved in
the control of mitochondrial membrane permeabilization, has
been suggested to be responsible for the mitophagy of
depolarized mitochondria and the induction of apoptosis and
necrosis and is mediated by the mitochondrial permeability
transition pore (MmPTP). The mPTP is composed of a voltage-
dependent anion channel (VDAC) in the outer membrane, an 18
kDa translocator protein (TSPO), an adenine nucleotide translo-
cator (ANT), and other proteins [21-23]. TSPO and VDAC mediate
various mitochondrial functions, including Ca*" and ATP flux
through the mitochondrial outer membrane; ATP production;
reactive oxygen species (ROS) generation; mitochondrial mem-
brane potential (Aym) transitions; the control of NADH levels; and
inflammation [24-30]. Moreover, the interaction between TSPO
and VDAC has been shown to be involved in the autophagic
removal of mitochondria by limiting Parkin RBR E3 ubiquitin
protein ligase (PARK2)-mediated mitochondrial ubiquitination via
the peri-organelle accumulation of ROS [31]. This mechanism
could be related to nonphysiological increases in Ca>" concentra-
tion because TSPO deregulates mitochondrial Ca>™ signaling via
VDAC and leads to a parallel increase in the cytosolic Ca*™ pools
that activate Ca’"-dependent NADPH oxidase (NOX), thereby
increasing ROS [32]. Moreover, converging evidence has shown
the role of TSPO and VDAC in NLRP3 inflammasome activation
[33-36]. Thus, the TSPO-VDAC complex may be a key mitochon-
drial pathway providing mitochondria the capability to regulate
cell survival and death signals.

The importance of understanding how dysfunctional mitochon-
dria and mitophagy contribute to cell survival and death in BD is
becoming increasingly apparent. Therefore, it is important to gain
insights into the mechanisms regulating the balance between
survival and death and how this process is regulated in cells.
Considering our preliminary results that showed that BD patients
present an imbalance in mitochondrial fission and fusion towards
fission, followed by an increase in the caspase-3 protein levels, our
central hypothesis is that the downregulation of mitophagic
proteins and the activation of the NLRP3 inflammasome, followed
by the upregulation of peripherally detected TSPO and VDAC, may
be functionally relevant to clinical outcomes among BD patients.
To test this hypothesis, we first examined the relationship
between BD and changes in the mitophagic pathway, NLRP3
inflammasome activation, and the TSPO-related pathway in
peripheral blood mononuclear cells (PBMCs) of patients with BD
and healthy individuals. Second, we correlated the peripheral data
with symptoms to further explore the clinical relevance of our
findings.

SUBJECTS AND METHODS

Subjects

This study was carried out in accordance with the principles of the
Declaration of Helsinki with approval from the Institutional Review
Board of the University of Texas Health Science Center at Houston,
and written informed consent was obtained from all research
participants. Thirty-one participants with type | BD were recruited
from the UTHealth Mood Disorders outpatient clinic, and twenty-
five healthy controls were recruited from the local community and
did not have a psychiatric disorder or family history of major
psychiatric or neurological disorders in first-degree relatives.
Patients and healthy controls were matched for ethnicity, age,
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gender and educational level. Participants and healthy controls
were assessed with the Mini-International Neuropsychiatric Inter-
view (MINI) to confirm BD diagnosis (in patients) or to exclude a
history of psychiatric disorders (in controls) [37]. BD participants
were also assessed using the Montgomery-Asberg Depression
Rating Scale (MADRS) [38] and the Young Mania Rating Scale
(YMRS) [39] to index the severity of depressive and manic
symptoms, respectively. Functioning was assessed with the Global
Assessment of Functioning (GAF) Scale and Functioning Assess-
ment Short Test (FAST) [40, 41].

Whole-blood sample processing

Human blood samples were collected in heparin-coated collection
tubes. Then, PBMCs were separated using LeucoPREP brand cell
separation tubes (Becton Dickinson Labware, Lincoln Park, NJ,
USA). PBMC cell pellets were mixed with RPMI-1640 medium
containing 10% DMSO and frozen overnight in a Mr. Frosty brand
container with 2-propanol (Nalgene, Rochester, NY) at —80°C
following an appropriate postprocessing delay. A previous study
in our laboratory established that no differences were found in the
predicted frequency of B-lymphocytes, granulocytes, monocytes,
natural killer cells, CD4 + T-lymphocytes, or CD8 + T-lymphocytes
between HCs and BD patients [42]. Moreover, our rationale for
using PBMCs as a research tool for this study was based on the
following: (1) to perform a follow-up of our previous studies; (2)
the availability of PBMCs for clinical interrogation as a noninvasive
target that can be monitored serially during the course of the
disease, allowing longitudinal studies; and (3) in contrast to
postmortem brain tissue that represents the disease endpoint and
brain imaging that can only reveal impairments at the neural
system level, PBMCs allow us to study dynamic changes involved
in mitochondrial dysfunction, as well as allow us to perform
correlations between the peripheral mitochondrial function or
dysfunction with behavioral, cognitive, and functional parameters.

Gene expression

Total RNA was isolated from PBMCs using an RNeasy Plus Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. RNA concentrations were assessed using a NanoDrop
(Uniscience, Hialeah, Florida, USA). RNA was converted to cDNA
using a high-capacity cDNA reverse transcription (RT) kit (Applied
Biosystems, Foster City, California, USA) in a total reaction volume
of 10 uL containing 2 L of 10 x RT buffer, 0.8 uL of 25x dNMT mix
(100 mM), 2 pL of 10x RT random primers, and 1 uL of MultiScribe
reverse transcriptase (50 units/mL; all reagents were used accord-
ing to the manufacturer’s instructions). Reactions were performed
for 10 min at 25°C, 2h at 37°C, and 55 at 85°C. Subsequently,
cDNA was kept at —20 °C until it was used for polymerase chain
reaction (PCR) amplification. Parkin, Beclin-1, Pink-1, Bnip3, p62/
SQSTM1, LC3, TSPO, VDAC, NLRP3, ASC, and ProCaspl gene
expression levels were measured by real-time quantitative RT-
PCR using specific TagMan FAM/MGB assays (Applied Biosystems,
assay ID Hs01038322_m1 for Parkin, assay ID Hs01007018_m1 for
Beclin-1, assay ID Hs00260868_m1 for Pinkl, assay ID
Hs00969291_m1 for Bnip3, assay ID Hs01061917_g1 for p62/
SQSTM1, assay ID Hs01076567_g1 for LC3, assay ID
Hs00559362_m1 for TSPO, assay ID Hs01631624_gH for VDACIT,
assay ID Hs00918082_m1 for NLRP3, assay ID Hs01547324_gH for
ASC, and assay ID Hs00354836_m1 for CaspT). Gene expression
values were normalized to eukaryotic 18 S rRNA endogenous
controls using a TagMan VIC/MGB endogenous control inventor-
ied assay (Applied Biosystems, 4319413E). Reactions were
performed in an Applied Biosystems 7500 real-time PCR system,
which directly detects the PCR product without downstream
processing. Reactions were carried out in a total volume of 12 uL
with 6 uL of 2x TagMan gene expression master mix (containing
ROX, Amplitaq Gold DNA polymerase, AmpErase UNG, dATP, dCTP,
dGTP, dUTP, and MgCl2), 0.6 uL of 20x TagMan gene expression
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assay, 0.6 pL of 20x TagMan endogenous control, 3.8 uL of water,
and 1 pL of cDNA solution. The cycling program consisted of 2 min
at 50°C and 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C
and 1min at 60°C. All reactions were performed in triplicate.
Relative expression levels were determined by the ddCt method
as described by Livak and Schmittgen [43].

Immunoblotting
To perform the immunoblotting experiments, isolated PBMCs
were lysed in 100 pL of lysis buffer (60 mM Tris-HCl [pH 6.8], 2%
SDS, and 10% sucrose) supplemented with 1:100 protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA), followed by
sonication and determination of protein concentration using a
BCA kit (Thermo Fisher Scientific).

Equal amounts of proteins (30 pg/well) were fractionated using
a 4-20% precast polyacrylamide gel (Bio-Rad) and electroblotted
onto a PVDF membrane using the Trans-Blot Turbo transfer
system (Bio-Rad, Hercules, California, USA). Afterwards, the
membranes were blocked in Tween-Tris-buffered saline (TTBS:
100 mM Tris-HCI [pH 7.5] containing 0.9% NaCl and 0.1% Tween-
20) containing 5% nonfat dry milk. The membranes were
incubated overnight at 4°C with primary antibodies against
Parkin (Santa Cruz Biotechnology, Inc., s¢32282), p62/SQSTM1 (Cell
Signaling Technology Inc., #8025), LC3A (Abcam, ab52628), TSPO
(Abcam, ab109497), and VDAC1 (Abcam, ab14734). Then, the
primary antibodies were removed, and the membranes were
washed four times for 15 min. After washing, an anti-rabbit or anti-
mouse IgG peroxidase-linked secondary antibody was incubated
with the membranes for 1h (1:10,000 dilution), and the
membranes were washed again. Finally, immunoreactivity was
detected using an enhanced chemiluminescence ECL Plus kit (Bio-
Rad, Hercules, California, USA). After exposure, the membranes
were stripped and incubated with a mouse monoclonal antibody
against B-actin (Sigma-Aldrich, A2228). An anti-mouse IgG
peroxidase-linked secondary antibody was incubated with the
membranes for 1 h (1:10,000 dilution), and the membranes were
washed again. The signals were visualized using an ECL detection
reagent (Bio-Rad) and monitored using a ChemiDoc MP imaging
system (Bio-Rad, Hercules, California, USA).

Statistical analysis

Descriptive statistics were used to report sociodemographic and
clinical features of the study participants. Categorical variables
were compared using chi-squared or Fisher's exact tests. All
variables were tested for normal distribution by the Shapiro-Wilk
test and histogram visualization. Differences between the two
groups (patients vs. controls) were assessed by a Mann-Whitney
test or Student’s t-test for non-normal or normal data distribu-
tions, respectively. Correlations between variables were tested
with either Pearson’s or Spearman’s tests depending on their
distribution. All statistical tests were two-tailed and used a
significance level of p < 0.05. Statistical analyses were performed
using SPSS software version 17.0 (SPSS Inc,, Chicago, IL, USA).
Binary logistic regression analysis with the elimination of
nonsignificant covariates was performed with the diagnosis of
BD as the dependent variable. We considered all variables
associated with diagnostic group with p<0.20 to be possible
confounding factors [44].

RESULTS

The characteristics of BD participants and healthy controls are
shown in Table 1. Notably, in healthy controls, there were no
significant differences in age, sex, body mass index, ethnicity, and
education between BD participants and healthy controls. The
mean YMRS score of the BD group was 4.84 + 6.37, and the mean
MADRS score was 12.84 + 11.07. Moreover, a significant difference
in functional status, assessed by GAF (p <0.001) and FAST (p <
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Table 1. Demographic characteristics of all subjects
Healthy Bipolar p-value
subjects subjects
n 25 31
Mean age, years 37.04+10.21 36.90+11.95 0.964
Female gender, n (%) 18 (72%) 24 (77.4%) 0.642
Ethnicity (non-hispanic), n (%) 21 (84%) 28 (90.3%) 0.477
Education (years), mean £+ SD 14.74+1.522 14.05+2.188 0.265
Body mass index, mean + SD 2943+6.64 32.08+8/85 0.229
Smoking, % 4.0% 31.3% 0.010
MADRS, mean +SD NA 12.84+11.07
YMRS, mean +SD NA 4.84+6.37
GAF, mean +SD 90.0 +4.77 56.94+14.11 <0.001
FAST, mean + SD 6.76 £ 9.09 29.78 £14.84 <0.001
Number of manic episodes, NA 21.19+35.06
mean + SD
Number of hypomanic NA 22.68+37.67
episodes, mean + SD
Number of depressive NA 19.94 +29.61
episodes, mean + SD
Number of mixed episodes, NA 7.57 +26.38
mean + SD
Number of hospitalizations, NA 3.94+4.24
mean = SD
lliness Duration, mean + SD NA 10.09 £ 8.47
Age at first mania episode, NA 21.07 £8.03
mean = SD
Age at first depressive episode, NA 22,10 +
mean + SD 11.70
Psychiatric medications (%)
Lithium NA 29%
Antidepressants NA 54.8%
Atypical antipsychotics NA 61.3%
Typical antipsychotics NA 3.2%
Anticonvulsant NA 45.2%
Benzodiazepines NA 12.9%
Comorbidities (%)
GAD NA 22.6%
PTSD NA 22.6%
Social phobia NA 9.7%
PD NA 32.3%
Agoraphobia NA 29%
AUD NA 16.1%
SAD NA 56.3%

0.001), was found between patients with BD and healthy controls.
All patients were being treated with various psychiatric medica-
tions at conventional doses at the time of the study, including
antipsychotics, anticonvulsants, mood stabilizers and antidepres-
sants. Some patients received additional benzodiazepines or
stimulants. Nevertheless, a sensitivity analysis of the primary
analysis between BD patients under treatment vs. untreated
patients was conducted and showed no significant differences in
the mRNA and protein expression levels in patients under
treatment compared to the levels in untreated patients.

We previously described that BD patients show an imbalance
in mitochondrial fission and fusion towards fission, causing
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mitochondrial fragmentation and apoptosis [20]. In line with this
observation, we were also interested in evaluating whether the
imbalance in mitochondrial dynamics and apoptosis influences
the mitophagic pathway. Therefore, we evaluated proteins
related to mitophagy in PBMCs from BD patients and healthy
controls. Our results showed that patients with BD had lower
levels of Parkin, p62/SQSTM1, and LC3A, both in terms of mRNA
and protein levels. Parkin, p62/SQSTM1 and LC3A remained
significantly decreased in BD patients in comparison with those
in controls after controlling for tobacco use (binary logistic
regression models). Moreover, there were no significant
differences in the gene expression levels of Pinkl1, Beclin-1
and Bnip3 in PBMCs between healthy controls and subjects with
BD (Fig. 1).

Nonetheless, based on previous findings showing that TSPO
interacts with VDAC and triggers ROS-mediated inhibition of
mitophagy, we investigated the mRNA and protein expression
levels of TSPO and VDAC in BD patients and healthy controls. We
found that the gene and protein expression levels of TSPO and
VDAC were significantly greater in the BD group than levels in the
healthy controls (Fig. 2a), and these results remained significantly
increased after controlling for tobacco use (binary logistic
regression models). Moreover, the ratio of TSPO to VDAC was
greater in BD than that in healthy controls (Fig. 2b). As
hypothesized, we found a negative correlation among Parkin,
p62/SQSTM1, LC3A and TSPO protein levels, while VDAC was
negatively correlated with p62/SQSTM1 and LC3 protein levels; a
positive correlation was also found between TSPO and VDCA
(Fig. 20).

Converging evidence has linked NLRP3 inflammasome-
mediated processes in BD [45] with the role of TSPO in NLRP3
inflammasome activation [35]. In this hypothesis, the overexpres-
sion of TSPO activates the NLRP3 inflammasome, which results in
IL-1 and IL-18 release by increasing ROS production and calcium
dysregulation. Similarly, we found that the gene expression of the
NLRP3-related proteins NLRP3, ASC, pro-casp1, and caspase-1 was
upregulated in the BD patients compared to that in the healthy
controls, followed by an increase in IL-13 and IL-18 expression
levels (Supplementary Fig. 1S). After an adjusted analysis, which
considered smoking as a covariate and BD as a dependent
variable, we found that the previous results remained significant
(binary logistic regression models). As expected, there was a
strong positive correlation between NLRP3-related inflammasome
activation proteins (NLRP3, ASC, caspase-1, IL-1B, and IL-18) and
TSPO-related proteins (TSPO and VDAC), suggesting that the
overexpression of TSPO and VDAC could be one of the
mechanisms that activates the NLRP3 inflammasome in BD
(Supplementary Fig. 2S).

There are many previous reports proposing that BD can be
more comprehensively conceptualized as a condition of multi-
systemic progression [46-49]. In accordance with this hypothesis,
we found that subjects with a more severe functional status had
significantly lower levels of mitophagic proteins and higher levels
of TSPO, VDAC, NLRP3, ASC, and caspase-1 activity. Moreover, we
also found positive correlations between TSPO, VDAC, NRLP3, ASC,
and caspase-1 expression levels and MADRS and YMRS scores,
while mitophagic proteins were negatively correlated with MADRS
and YMRS scores (Table 2).
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from healthy controls and patients with bipolar disorder type | (BD-l). Data are presented as the median and IQR. Asterisk indicates a
significant difference compared to the control group; p < 0.05 (Mann-Whitney test)
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DISCUSSION
Understanding the interface between the adaptation to stress and
cell death is important for understanding the pathogenesis of BD.
Basal levels of mitophagy are important for maintaining cellular
homeostasis and protecting cells against the accumulation of
dysfunctional mitochondria [50]. During cellular stress, there is
concomitant activation of autophagy/mitophagy and apoptosis, in
which enhanced mitophagy is an early response to promote cell
survival by removing damaged mitochondria. With overwhelming
mitochondrial damage, apoptosis becomes dominant, and inacti-
vation of critical proteins of the autophagy pathway leads to cell
death [50], suggesting that there is crosstalk between the
mitophagic and apoptotic pathways.

Considering that mitophagy is an essential cellular pathway to
eliminate damaged or depolarized mitochondria to maintain the
homeostasis of cells and that the dysfunction of mitophagy is

Neuropsychopharmacology (2019) 44:1291 - 1299

closely related to psychiatric disorders, our first aim was to
evaluate the mitophagic pathway in PBMCs from BD patients. To
the best of our knowledge, we are the first to report changes in
proteins related to mitophagy, including Parkin, p62/SQSTM1 and
LC3A. A dysregulation of the mitophagic pathway leads to the
accumulation of damaged mitochondria, resulting in increased
oxidative stress, decreased mitochondrial Ca®" buffering capacity
and loss of ATP, all of which are factors that are particularly
harmful in postmitotic cells, such as neurons [51, 52]. Recent
research has demonstrated that mitochondrial dynamics are
essential to mitophagy since mitochondria are divided into
depolarized and polarized mitochondria after fission, and depo-
larized mitochondria are targeted by mitophagy [53]. Initially, we
hypothesized that the downregulation of Mfn2 and Opa1l and the
upregulation of Fis1 in terms of both gene and protein expression
levels in BD patients observed in our previous study [20] could
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Table 2. Correlation coefficient between TSPO-related proteins, mitophagy proteins, NLRP3-related inflammasome activation proteins, and clinical
data
TSPO VDAC Parkin p62 LC3A NLRP3 ASC Casp-1 IL-1p IL-18
GAF —0.503 —0.576 0.391 0313 0.755 —0.516 —0.476 —0.608 —0.716 —0.201
<0.001° <0.001P 0.003? 0.034% <0.001* <0.001P <0.0012 <0.001% <0.001% 0.150
FAST 0.405 0.469 —0.349 —0.315 —0.682 0.441 0.414 0.485 0.585 0.197
0.003 <0.001° 0.011° 0.04° <0.001? 0.001° 0.002° <0.001? <0.001° 0.174
YMRS 0.292 0.391 —0.245 —0.352 —0.620 0.331 0.358 0.344 0.527 0.091
0.029 0.003° 0.069 0.016° <0.0012 0.014° 0.002° 0.011° <0.001° 0.518
MADRS 0.486 0.542 —0.436 —0.323 —0.653 0.356 0.483 0.559 0.721 0.278
<0.001? <0.001° 0.001° 0.028° <0.001° 0.008° <0.0012 <0.001° <0.001° 0.044°
GAF global assessment of functioning, FAST functioning assessment short test, YMRS Young Mania Rating Scale, MADRS Montgomery-Asberg Depression
Rating Scale
2Spearman’s correlation test
PPearson'’s correlation test

lead to the activation of mitophagy since the fission process is a
prerequisite for mitophagy [54, 55]; however, we were surprised to
observe that BD patients had downregulated mitophagy-related
proteins. Despite this, our results corroborate previous findings
that showed morphological abnormalities (more mitochondria
with a smaller size) in prefrontal cortex neurons of postmortem
brains and peripheral cells from BD patients [56]. Taken together,
our results and those of previous studies showing that BD patients
have impaired oxidative phosphorylation, an overall decrease in
energy, and abnormalities in the morphology of mitochondria,
followed by apoptosis activation [13, 50], indicate that in BD
patients, the number of damaged mitochondria exceeds the
capacity of mitophagy, and apoptosis becomes the dominant
pathway to minimize tissue damage.

Consistent with these findings, TSPO and VDAC have recently
been shown to participate in the ROS-mediated inhibition of
mitochondrial quality control, apoptosis and Ca®" homeostasis.
Because these alterations have been reported to contribute to the
pathophysiology of BD, our next aim was to evaluate TSPO and
VDAC expression levels in BD patients. In this study, we report for
the first time that mRNA and protein expression levels of TSPO
and VDAC in PBMCs of BD patients are greater than those in
healthy controls; an increase in the TSPO:VDAC ratio was also
found. Batarseh et al. [57] have shown that the increase in
mitochondrial ROS induced by an increase in the TSPO:VDAC ratio
could lead to the activation of protein kinase-Ce (PKCe) through
the Raf-1-MEK1/2-ERK1/2 pathway, which promotes the gene
expression of TSPO via c-Jun, activator protein 1 (AP-1), E-26
oncogene homolog (ETS), and signal transducer and activator of
transcription-3 (STAT-3). Likewise, Gatliff et al. [31] hypothesized
that TSPO interacts with VDAC, contributing to the efficiency of
mitochondrial quality control, which regulates both mitochondrial
structure and function. In this study, we showed that when the
ratio of TSPO to VDAC increased, mitochondrial production of ATP
was limited, and ROS levels increased, which subsequently
inhibited PARK2-mediated ubiquitination, P62/SQTM1 recruitment
and mitophagy. We have also shown that the TSPO-VDAC
complex is responsible for the tangible degeneration of mito-
chondrial structure and ultrastructure, as observed by an increase
in the number of mitochondria, which is an immediate
consequence of limited mitophagy in the perinuclear regions of
the cell and a decrease in the number of cristae per mitochondria.
Similarly, we found a negative correlation between TSPO and
VDAC with Parkin and P62/SQSTM1 expression levels, suggesting
that subjects with higher expression levels of TSPO and VDAC had
lower expression levels of Parkin and P62/SQSTM1, which may be
related to a decrease in the mitophagic pathway.

SPRINGERNATURE

In agreement with a previous report [45], we found that the
mRNA expression levels of NLRP3, ASC, procaspasel, and IL-1(3
were significantly greater in BD patients than those in healthy
controls. Moreover, we were able to show that TSPO and VDAC
levels are positively correlated with NLRP3, ASC, caspase-1, IL-1B
and IL-18. Accordingly, previous studies have suggested that TSPO
and VDAC are implicated in NLRP3 inflammasome formation. For
example, Lee et al. [33] showed that the TSPO ligands Ro5-4864
and PK11195 effectively inhibited ATP-induced NLRP3 inflamma-
some activation through the prevention of mitochondrial pertur-
bation. Moreover, increased levels of VDAC could lead to the
activation of the NLRP3 inflaimmasome because downregulation of
VDAC in THP1 cells results in a considerable decrease in caspase-1
activation and IL-1f secretion after stimulation with various NLRP3
inflammasome activators [35]. Furthermore, as reported previously,
the decrease in the mitophagic pathway induced by ROS-
generating mitochondria could lead to spontaneous inflamma-
some activation [35]. It has been suggested that Beclin-1 and LC3B,
which are autophagic proteins required in the initial and late
phases of autophagosome formation, act as critical regulators of
NLRP3-dependent activation of caspase-1 and IL-13 and IL-18
secretion. It has also been observed that the loss of mitochondrial
integrity is critical for the enhanced activation of caspase-1, both in
wild-type macrophages and in autophagy protein-depleted
macrophages (Map1/c3b~'~and Becn1™/~) [34]. Moreover, recent
evidence has shown that upon stimulation with LPS, p62, which is
a TLR4 ligand that activates NF-kB and primes macrophages for
NLRP3 inflammasome activation, is recruited to damaged mito-
chondria, which promotes mitophagic clearance and prevents
excessive inflammasome activation. This suggests that the NF-kB-
p62/SQSTM1 mitophagic pathway provides an essential regulatory
loop that restricts inflammasome activation via elimination of
damaged mitochondria [58]. Taken together, it is hypothesized
that the upregulation of TSPO and VDAC culminates in an
inhibition of the mitophagic pathway, leading to a pronounced
accumulation of damaged mitochondria and excessive NLRP3-
dependent inflammation (Fig. 3). However, this hypothesis must be
interpreted with caution because this study was not specifically
designed to evaluate the molecular mechanism by which the
interaction of TSPO and VDAC leads to a decrease in mitophagic
markers and NLRP3 inflammasome activation in BD.

Although mood dysregulation is the primary feature of BD,
several studies have demonstrated that BD is associated with high
rates of illness, which leads to an increase in early mortality rates
in BD patients compared to those in the general population [59].
Thus, there are many previous reports proposing that, in addition
to being a neuroprogressive disease [60], BD is more
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Fig. 3 Potential mechanism of alterations in the TSPO-mediated
mitophagic signaling pathway and NLRP3 inflammasome activation
in bipolar disorder. Downregulated in PBMCs from BD. Upregulated
in PBMCs from BD patients. Mitochondrial ROS induced by an
increase in the TSPO:VDAC ratio leads to the activation of protein
kinase-Ce (PKCe) through the Raf-1-MEK1/2-ERK1/2 pathway, thus
promoting the gene expression of TSPO via c-Jun, activator protein
1 (AP-1), E-twenty-six oncogene homolog (ETS), and signal
transducer and activator of transcription-3 (STAT-3). Moreover, TSPO,
via VDAC, triggers an ROS-mediated inhibition of mitophagy,
limiting PARK2-dependent ubiquitination and P62/SQTM1 recruit-
ment. Consequently, spontaneous inflammasome activation can be
induced by ROS-mediated inhibition of mitophagy. Furthermore,
VDAC could lead to the activation of the NLRP3 inflammasome

comprehensively conceptualized as a condition of multisystemic
progression [46, 47]. Our results support this hypothesis since we
found correlations between mitophagic proteins, NLRP3 inflam-
masome components, and TSPO and VDAC expression levels with
the severity of manic and depressive symptoms assessed with the
YMRS and MADRS scales, respectively. The next set of analyses
investigated the correlation of mitochondrial markers measured in
this study with functional status evaluated with GAF and FAST. Our
study highlighted the significant correlation between decreased
levels of mitophagic proteins and increased levels of TSPO, VDAC
and NLRP3 inflammasome components with a decrease in
functional status. Similar to previous reports [61-63], we found
that BD patients present with substantial functional impairments,
such as difficulties with activities of daily living, living conditions,
occupational/recreational activities, and relationships. Few studies
have shown evidence that worsening of functional outcome
throughout the course of BD is linked to neuroprogression [64—
68]. Additionally, Martino et al. [69] a longitudinal study showed
that BD patients with more than five previous affective episodes at
baseline exhibited poorer outcomes on all measures of function-
ing than patients with less than five previous episodes; however,
during the follow-up period of the study, the level of functioning
remained stable in BD patients. Despite the fact that the functional
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outcome is highly variable among individuals with BD [70],
difficulties with activities of daily living, living conditions,
occupational/recreational activities, and relationships have been
associated with increased risks of mortality in general population
samples and other patient groups [71-74]. These findings suggest
that alterations in the mitochondrial network may play a role in
producing psychiatric symptoms and the decline in functional
status experienced by these patients. In fact, in the brain, a highly
energetic organ that consumes 20 to 25% of the body’s total
energy, mitochondria play an important role in many neuronal
processes, such as neurodevelopment, neurotransmission, and
synaptic plasticity, since such events are spatially and temporally
regulated in neurons through bioenergetics, biogenesis, dynamics,
and mitochondrial localization [75-77]. Therefore, it is no surprise
that compromised mitochondrial function can disrupt neuronal
oxidative metabolism and presynaptic calcium signals, and, via
regulation of the properties of neurotransmitter release, alter
neurotransmission and neuronal growth, two highly energy-
dependent processes, thereby producing symptoms of psychosis
and altered mood [78, 79].

We are aware that our research may have some limitations.
Methodological limitations to our study include a small sample
size, which may be a factor preventing us from observing
significant differences in the biomarkers evaluated. Thus, a
validation study comprising a larger and more homogeneous
genetic sample size is needed to confirm the current findings.
Another limitation of this study is its cross-sectional design, which
makes it impossible to evaluate the potential utility of mitochon-
drial markers as characteristic versus state indicators in BD.
Moreover, although we did not find any significant effect of
medication status in this analysis, TSPO and the mitophagic
network could be affected by long-term treatment with psychia-
tric medications. Finally, the present study only investigated
mRNA and protein expression levels of mitochondrial markers and
NLRP3 components; therefore, it should be noted that the above
mechanism proposed in Fig. 3 is speculative, and further
experimental investigations are needed to estimate the functional
relevance of TSPO and VDAC to the mitophagic pathway or NLRP3
inflammasome activation in BD patients.

In summary, the findings of this study provide novel evidence
that mitochondrial dysfunction measured in peripheral blood is
associated with BD. Our findings highlight the importance of
further characterization of TSPO and the VDAC pathway in BD
patients because changes in the expression of TSPO and VDAC
could lead to changes in mitophagic and NLRP3 pathways,
resulting in apoptosis and inflammation. Future longitudinal
studies focused on the relationship between mitochondrial
markers and the progression of BD are necessary as well as an
assessment of mitochondrial markers in other tissues of relevance
to the pathophysiology of BD.
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