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Reverse phase protein array-based investigation of
mitochondrial genes reveals alteration of glutaminolysis in the
parahippocampal cortex of people who died by suicide
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A moderating hub between resting state networks (RSNs) and the medial temporal lobe (MTL) is the parahippocampal cortex (PHC).
Abnormal activity has been reported in depressed patients and suicide attempters in this region. Alterations in neuronal
mitochondrial function may contribute to depression and suicidal behavior. However, little is known about the underlying

molecular level changes in relevant structures. Specifically, expressional changes related to suicide have not been reported in the
PHC. In this study, we compared the protein expression levels of genes encoding tricarboxylic acid (TCA) cycle enzymes in the PHC
of adult individuals who died by suicide by reverse phase protein array (RPPA), which was corroborated by gRT-PCR at the mRNA
level. Postmortem human brain samples were collected from 12 control and 10 suicidal individuals. The entorhinal cortex, which is
topographically anterior to the PHC in the parahippocampal gyrus, and some other cortical brain regions were utilized for
comparison. The results of the RPPA analysis revealed that the protein levels of DLD, OGDH, SDHB, SUCLA2, and SUCLG2 subunits
were significantly elevated in the PHC but not in other cortical brain regions. In accordance with these findings, the mRNA levels of
the respective subunits were also increased in the PHC. The subunits with altered levels are implicated in enzyme complexes
involved in the oxidative decarboxylation branch of glutamine catabolism. These data suggest a potential role of glutaminolysis in

the pathophysiology of suicidal behavior in the PHC.
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INTRODUCTION

There is evidence to suggest that alterations in the functioning
and connectivity of resting state networks (RSNs), including the
default mode, salience, and central executive networks, may
contribute to suicidal behavior by increasing negative rumination,
impairing emotional regulation, and reducing cognitive control
and decision-making abilities [1]. The default mode network
(DMN) is considered a task-negative network of brain regions that
deactivates during cognitive goal-directed tasks [2] while exhibit-
ing increased activation during internally focused processes such
as autobiographical memory retrieval and emotional and reward
processing [3-5]. A growing number of studies consider the DMN
to encompass functionally distinct subdivisions, including the
dorsal medial prefrontal cortex (DMPFC), the core DMN, and the
medial temporal lobe (MTL) subsystems [6-8]. The MTL comprises
heterogeneous brain areas, including the hippocampus and the
parahippocampal gyrus, which play an essential role in memory
and cognitive processes [9-11]. The anterior part of the
parahippocampal gyrus is comprised of the entorhinal and
perirhinal cortices, while the posterior part of the parahippocam-
pal gyrus is constituted by the parahippocampal cortex (PHC) [12].

In-depth studies have revealed that the PHC functions are
considerably more intricate than previously assumed, encompass-
ing a multitude of processes beyond mere spatial and visual
information processing as originally suggested [13, 14]. Recent
studies employing resting-state functional magnetic resonance
imaging (fMRI) have demonstrated that the MTL subsystem co-
activates with the default mode subnetworks during rest [15-17]
and self-referential processing [18, 19] with the parahippocampal
cortex (PHC) serving as a key mediator of this interaction.
Structural and functional abnormalities have been identified in
brain circuits involved in emotional processing in patients with
major depression [20-22] and suicidal ideation [1, 23-25]. These
include regions belonging to the MTL, such as the hippocampus,
PHC, and amygdala, and prefrontal cortical regions, such as the
orbitofrontal cortex (OFC), medial prefrontal cortex (mPFC), and
anterior cingulate cortex (ACC), and parietal cortical areas such as
the posterior cingulate cortex (PCC), precuneus, and retrosplenial
cortex. The PHC is also considered a key region of the limbic
system and, together with the amygdala and hippocampus, is
important in the operation of the reward system [26]. It also
exhibits essential roles in emotion regulation, motivation, and
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cognitive control [13, 27, 28]. Emerging evidence suggests that
dysregulation in the MTL is increasingly associated with functional
impairments in individuals with mood disorders [29-31]. Recall of
the past suicide attempt was associated with increased activation
in the ACC, mPFC, and hippocampus, while recall of mental pain
when committing suicide was associated with the deactivation of
frontal cortical regions and activation of the PHC [32]. Other
neuroimaging studies have demonstrated that depressed subjects
looking at negative pictures evoked an increase in the activity of
the PHC [4]. In contrast, the absence or delay of rewards was
correlated with diminished PHC activation in adult suicide
attempters with major depressive disorder (MDD) [33]. Zamoscik
et al. have reported that remitted depressed individuals had
stronger connectivity between the PCC and the PHC during the
recollection of negative life events compared to healthy controls
[34], which supports the assumption that connectivity between
the DMN and MTL is dynamic and influenced by changes in
emotional states [30].

In recent years, molecular investigations using high-throughput
omics technologies have increased significantly. However, rela-
tively few have examined the molecular alterations in individual
regions of the human brain networks involved in psychiatric
disorders. Images of brain metabolism and gene expression
studies have reported altered mitochondrial functioning asso-
ciated with psychiatric disorders [35-41]. Mitochondria are pivotal
in the brain’s energy metabolism, supporting essential processes
such as dendritic reconstruction, neurotransmitter release, neurite
extension, and neuronal differentiation, which are crucial for
neuroplasticity [42]. Patients with MDD frequently exhibit
mitochondrial energy metabolism obstacles and energy imbal-
ances in the brain, suggesting a correlation between depression
and energy metabolism [43]. Disturbances in mitochondrial
energy metabolism can contribute to mitochondrial dysfunction,
which has been identified as a crucial vulnerability factor for the
development of depression [44-46] and suicide completion by
violent means [35, 47]. Recent studies have suggested that the
activity of enzymes involved in the tricarboxylic acid (TCA) cycle is
associated with MDD and depression-like behavior [48, 49]. The
TCA cycle intermediates also play a role in the synthesis of
neurotransmitters that are critical for brain function and mood
regulation [50-52]. It has been demonstrated that depressed
individuals may exhibit disturbances in neurotransmitter metabo-
lism related to the TCA pathway [53]. Emerging evidence suggests
a complex interplay between mitochondrial dysfunction and
neuroinflammation, both of which contribute significantly to the
pathogenesis of depression [54]. Mitochondrial damage releases
damage-associated molecular patterns (DAMPs), which are
recognized by microglial immune receptors, amplifying neuroin-
flammation [55]. In turn, activated glial cells release inflammatory
factors that disrupt mitochondrial metabolism and function,
creating a vicious cycle exacerbating depressive symptoms [56].
A recent study linked post-inflammatory behavioral despair in
mice with reduced cortical glutamate-glutamine ratios, indicating
that their aberrant metabolism may play a pivotal role in the
pathogenesis of depression [57]. A proteomic enrichment analysis
of affective disorders also revealed an alteration in glutamate
metabolism [58]. However, systematic studies assessing changes
in TCA cycle-related genes in brain regions relevant to suicide
symptomatology are scarce. Consequently, further investigation of
the gene expression changes associated with this phenotype is
required to gain a deeper understanding of the underlying
pathological mechanisms. Previous studies have identified pro-
teomic and genomic differences in the PHC in neurodegenerative
disorders [59-62], and mass spectrometry-based proteomics
studies have identified alterations in TCA cycle enzymes in MDD
and in its animal models [63-65]. However, proteomic alterations
related to depression and suicide have not been reported in the
PHC of the human brain.
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To better understand the connection between mitochondrial
dysfunction and suicidal behavior, in the present study, we
measured the protein expression of TCA cycle enzyme subunits in
the parahippocampal cortex of individuals who died by suicide
and compared the alterations to those in other brain regions using
microarray-based reverse phase protein array (RPPA) technology.
This technology enables the measurement of protein levels in a
large number of samples simultaneously using antibodies against
the targets of interest. In contrast to traditional immunoassay
techniques, RPPA is reversed and requires monospecific anti-
bodies for quantification [66]. The generated signal is proportional
to the amount of the selected antibody bound to the spotted
proteins and can be quantified to estimate relative protein
concentrations. We identified five differentially expressed subunits
of TCA cycle enzymes between suicide and control groups in the
parahippocampal, but not in the adjacent entorhinal cortex.

METHODS AND MATERIALS

Human brain tissue samples

Human brain samples were collected in accordance with the Ethical Rules
for Using Human Tissues for Medical Research in Hungary (HM 34/1999)
and the Code of Ethics of the World Medical Association (Declaration of
Helsinki). Tissue samples were obtained during brain autopsy at the
Department of Pathology, Forensic and Insurance Medicine of Semmelweis
University and the Clinical Centre of Pathology, University of Debrecen, in
the framework of the Human Brain Tissue Bank (HBTB), Budapest. The
activity of the HBTB has been authorized by the Committee of Science and
Research Ethics of the Ministry of Health Hungary (ETT TUKEB: 189/KO/
02.6008/2002/ETT) and the Semmelweis University Regional Committee of
Science and Research Ethics (No. 32/1992/TUKEB). The study was
conducted in accordance with a protocol approved by the Committee of
Science and Research Ethics, Semmelweis University (TUKEB 189/2015).
The subjects’ medical histories were obtained from clinical records,
interviews with family members and relatives, as well as pathological
and neuropathological reports. Informed consent was obtained from all
subjects. All personal data is stored in accordance with the highest ethical
standards, and samples were coded before the analysis of tissues.

Tissue preparation

Postmortem human brain tissue samples were acquired by the Human
Brain Tissue Bank (Semmelweis University, Budapest, Hungary). Tissue
samples from the parahippocampal cortex and comparison brain regions
such as the entorhinal, dorsomedial prefrontal, anterior cingulate, and
insular cortices were collected from 22 individuals. The control group
includes 12 subjects (4 females and 8 males, mean age of 50.2 + 3.0), while
the suicide group consists of 10 subjects who died by suicide (3 females
and 7 males, mean age of 49.7 + 4.3). The ages of the subjects ranged from
26 to 71 years (Table 1, Supplementary Table 1). The selected control
subjects were not diagnosed with any psychiatric disorder, while 9 out of
10 of the suicide individuals were without evidence of any clinical care or
known drug treatment.

The brains were removed from the skull with a postmortem delay of
1-10 h, frozen rapidly on dry ice, and stored at —80 °C until microdissec-
tion. Serial coronal sections were made from frozen brain slices. During
sample collection, we obtained representative cortical samples from areas
corresponding to previously reported MNI scores of the activated
parahippocampal regions in depressed and suicidal individuals [24,
32, 67-69]. Therefore, sections between —11.0 and —35.0 mm from the
origin of the MNI standard space were excised (see ref. [70]). The cortical
samples were punched out using specialized microdissection needles with
8 and 15mm internal diameters [71] (Fig. 1). The entorhinal cortical
samples were obtained from Brodmann area 34, anterior to Brodmann area
35 and 36 (which include the perirhinal and parahippocampal cortices)
[72]. Accordingly, the EC samples were derived from the medial
intermediate subfield of the entorhinal cortex (EMI) [73]. The dissected
cortical tissue pellets included both gray and white matter portions within
the gyrus. Samples were collected in 1.5 mL Eppendorf tubes and stored at
—80°C until use. Throughout the microdissection procedure, the tissue
samples were kept frozen. In subsequent experiments, the investigator was
blinded to the group allocation during the experiment and when assessing
the outcome.
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Table 1. Demographic and clinical data of the human parhippocampal cortical samples.

#Donor Group Sex Age PMI (h) Cause of death

#1 Control Male 42 35 Acute respiratory insufficiency

#2 Male 47 1 Cardiac insufficiency

#3 Male 52 1.5 Acute cardiac insufficiency

#4 Female 67 5 Respiratory insufficiency

#5 Female 26 6.5 Acute cardiac insufficiency

#6 Female 56 6 Cardiorespiratory insufficiency,
edema cerebri

#7 Male 64 4 Pneumonia

#8 Male 50 5.5 Stroke, brain hemorrhage

#9 Male 51 1 Cardiorespiratory insufficiency

#10 Male 53 2 Acute cardiac insufficiency

#11 Male 50 Myocardial infarction

#12 Female 44 Acute cardiac insufficiency

#13 Suicide Male 71 1 Suicide (jumping from a
height)

#14 Female 65 5 Suicide (hanging)

#15 Female 48 6 Suicide (drug overdose)

#16 Male 31 8 Suicide (hanging)

#17 Male 66 8 Suicide (hanging)

#18 Male 43 4 Suicide (hanging)

#19 Male 41 10 Suicide (hanging)

#20 Male 48 5 Suicide (hanging)

#21 Male 35 6 Suicide (hanging)

#22 Female 49 6 Suicide (drug overdose)

Clinical and pathological diagnosis

Chronic coronary sclerosis
Brain tumor, decubitus ulcer, urinary tract infection

Acute myocardial infarction, stomach and small bowel
ulcers, edema cerebri

Edema cerebri, coarctatio aortae, hepatitis alcoholica

Tumor radicis linguae, coronary sclerosis, myocardial
infarction, bilateral pneumonia, cerebral
atherosclerosis, arteriosclerosis

Large cortical and subcortical hemorrhage in the
parietal lobe

Acute myocardial infarction, edema cerebri, ventricular
hypertrophy

Acute myocardial infarction

Hypertension, coronary atherosclerosis, myocardial
infarction

Without any clinical care during the past 6 months

Without known drug treatment
Without known drug treatment
Without known drug treatment
Without known drug treatment
Without known drug treatment
Without known drug treatment
Without known drug treatment
Past suicidal behavior, under clinical care
Without known drug treatment

Sample handling and reverse phase protein array (RPPA)
measurement

RPPA was performed on postmortem human brain samples to determine
the protein expression changes related to suicidal behavior in the
parahippocampal and entorhinal cortices. For the measurements of PHC
samples, 10 control subjects (3 females and 7 males, mean age of
50.8 £3.6) and 10 subjects who died by suicide (3 females and 7 males,
mean age of 49.7 +4.3) were used. For the measurements of entorhinal
cortical samples, 7 control subjects (2 females and 5 males, mean age of
44.7 +3.4) and 5 subjects who died by suicide (1 female and 4 males, mean
age of 39.8+3.1) were used. For the measurements of additional
comparison brain regions as the dorsomedial prefrontal cortical samples,
6 control subjects (2 females and 4 males, mean age of 50.8 +3.6) and
10 subjects who died by suicide (3 females and 7 males, mean age of
49.7 + 4.3), for the anterior cingulate cortical samples 10 control subjects (3
females and 7 males, mean age of 49.6 + 3.6) and 8 subjects who died by
suicide (3 females and 5 males, mean age of 50.4 £ 5.8), and for the insular
cortical samples 10 control subjects (2 females and 8 males, mean age of
50.9£2.0) and 9 subjects who died by suicide (3 females and 6 males,
mean age of 47.9 + 4.3) were used, respectively (see Supplementary Table
1). We used the above-described number of individuals in the groups to
ensure a balanced yet feasible sample size for detecting significant
differences in protein expression between the groups. This sample size was
determined based on practical considerations of availability and ethical
constraints while aiming for sufficient statistical power to detect
differences in proteins of interest. Additionally, prior studies suggested
that similar sample sizes were adequate for detecting proteomic changes
in brain tissue studies.

RPPA allows for the semi-quantitative measurement of protein levels in a
large number of samples simultaneously using antibodies against the
targets of interest [66]. The generated signal is proportional to the amount
of the selected antibody bound to the spotted proteins and can be
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quantified to estimate relative protein concentrations. The procedure was
carried out as previously described [74]. Briefly, the delipidation of the
samples and the purification of proteins were carried out in a buffer
containing benzonase and protease inhibitors. Following purification, the
protein concentration was adjusted to 1.0 mg/ml for each sample. Aliquots
were then stored at —80°C until use. Before quantitative measurement,
samples were serially diluted in lysis buffer to produce four serial two-fold
dilutions (1, 0.5, 0.25, and 0.125 mg/ml concentrations). Subsequently, the
samples were printed onto ONCYTE nitrocellulose slides (Sigma-Aldrich,
cat. no. 705170) under conditions of constant 70% relative humidity using
an Aushon BioSystems 2470 microarrayer (Quanterix, Billerica, MA, USA).
Two technical replicates were printed per sample dilution. Following the
printing of the samples, the slides were hydrated in deionized water,
washed with Tris-buffered saline (TBS) containing 0.1% (w/v) Tween 20
(TBS-T), and blocked with TBS-T containing 5% (w/v) bovine serum
albumin (TBS-T-BSA). Following the washing procedures, the slides were
incubated with avidin-biotin and peroxidase blocking reagents (VECTOR)
and incubated with primary antibodies (primary antibodies are listed in
Supplementary Table 3). It should be noted that the specificity and
selectivity of the antibodies included in the array have been pre-validated
(see Supplementary Table 3 and Dobolyi et al. [75]). Bound antibodies were
detected by incubation with horseradish peroxidase-conjugated secondary
antibodies (Jackson ImmunoResearch Europe, Ely, UK). To amplify the
signals, slides were incubated with Bio-Rad Amplification Reagent (Bio-Rad,
Watford, UK, cat. no. 1708230). After signal amplification, arrays were
washed and probed with IRDye800CW-coupled streptavidin fluorophore,
then incubated with TBS-T-BSA and washed in TBS-T. In order to normalize
against total protein, an additional slide was prepared, and total protein
was stained with Fast Green FCF (Sigma-Aldrich, cat. no. F7258).
Subsequently, the slides were washed with deionized water, dried, and
stored in the dark. The slides were then read using the InnoScan 710-IR
slide scanner (Innopsys) at an excitation wavelength of 785nm for
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Fig. 1 A representative view of the entorhinal and parahippocampal cortical regions dissected in the study. A and B The location and
topographical extension of the entorhinal (EC, MNI anteroposterior coordinate [y] = —12) (A) and parahippocampal (PHC, MNI anteroposterior
coordinate [y] = —27) (B) cortices at the level of anterior (A) and posterior (B) hippocampus in the human temporal lobe [60]. C and D The
coronal section of the human brain represent the dissected regions, namely the entorhinal (C) and parahippocampal (D) cortices. The
dissected areas are demarcated by dashed circles. The section was stained using the Levanol-Fast Cyanine 5RN method. The scale bar is 1 cm.
Amg amygdala, EC entorhinal cortex, FuG fusiform gyrus, HPC hippocampus, ITG inferior temporal gyrus, MTG middle temporal gyrus, PHC
parahippocampal cortex, sfs superior frontal sulcus, STG superior temporal gyrus.

IRDye800CW and an excitation wavelength of 670 nm for Fast Green FCF.
The images were acquired as tagged image file format (TIFF) files. The
relative fluorescence intensity of each sample spot was quantified using
Mapix software (Innopsys). To determine nonspecific signals, the primary
antibody incubation step was omitted. Processed signal intensities were
normalized using the corresponding total protein stain signal intensity.
Means of technical replicate sample spots were calculated, and data were
written to a comma-separated values (CSV) file. Further details on all RPPA
protocols can be found at http://rppa.hu/Protocols.html.

RPPA data analysis

Normalized RPPA data were expressed as log2-transformed values for each
biological sample, based on the serial dilution curve and technical
replicates. The transformed normalized data were stored as matrices
arranged in rows of different samples and columns of different antibodies.
The median of all samples was calculated, and this was subtracted from
each element in that column. Matrices of antibody-wise median-centered
data were horizontally integrated into a single matrix. The normalized and
log2-transformed data were subsequently exported to a CSV file. The
investigator was blinded to the group allocation during the experiment
until the CSV files were exported.

Gene expression analysis with qRT-PCR

The procedure was carried out as described previously [76]. In brief, total
RNA was isolated from approximately 20 mg of frozen postmortem brain
tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) as lysis buffer
combined with the RNeasy Mini kit (Qiagen, Germany) in accordance with
the manufacturer’s instructions. The quality and quantity of extracted RNA
were determined using a NanoDrop ND-1000 Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA), and only those with an A260/A280
ratio between 1.8 and 2.1 were used in subsequent experiments. The
concentration of RNA was adjusted to 1000 ng/pL, and it was treated with
Amplification Grade DNase | (Invitrogen, Carlsbad, CA, USA). The isolated

SPRINGER NATURE

RNA concentration was calculated and normalized with RNase-free water
and reverse transcribed into cDNA using SuperScript Il Reverse Tran-
scriptase Kit (Invitrogen, Carlsbad, CA, USA). After a 10-fold dilution, 2.5 pl
of the resulting ¢cDNA was used as a template in PCR performed in
duplicates using SYBR Green dye (Sigma, St. Louis, MO, USA). The PCR
reactions were conducted on the CFX-96 C1000 Touch Real-Time System
(Bio-Rad Laboratories, Hercules, CA, USA) with iTaq DNA polymerase (Bio-
Rad Laboratories, Hercules, CA, USA) in total volumes of 12.5 pl under the
following conditions: 95 °C for 3 min, followed by 35 cycles of 95°C for
0.5 min, 60°C for 0.5min, and 72°C for 1min using specific primers
employed. A melting curve was performed at the conclusion of the
amplification cycles to verify the specificity of the PCR products. The
primers utilized for gRT-PCR were synthesized by Integrated DNA
Technologies, Inc., (IDT, Coralville, 1A, USA) and employed at a final
concentration of 300 nM. Housekeeping genes, including ACTB, GAPDH,
and LDHA, were used as internal controls. The applied primers are listed in
Supplementary Table 4. The relative gene expression values were
calculated from the ratio of genes and the averages of housekeeping
genes using the 2 ~24 method.

Preparation of in situ hybridization probes

The PCR products using primer pairs for OGDH isoforms 1 and 2
(CTGTGCTTGGCTGGAAAACC and AGCATCCAAAATCCCCAGGG) were pur-
ified from gel to obtain non-overlapping probes to demonstrate specific
labeling. The purified PCR products were applied as templates in a PCR
reaction, with the primer pairs specific for the probe, and the T7 RNA
polymerase recognition site (GTAATACGACTCACTATAGGGCGAATTGGGTA)
was added to the reverse primers. Finally, the identities of the cDNA
probes were verified by sequencing them with T7 primers.

In situ hybridization histochemistry
A fixed medial temporal lobe brain block of a 48-year-old male control
subject (cause of death: acute myocardial infarction; PMI: 24 h) was used

Translational Psychiatry (2024)14:479
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for in situ hybridization (ISH). Using a cryostat, serial coronal sections
(20 pm thick) were cut and mounted on positively charged slides
(SuperfrostPlus®, Fisher Scientific), dried, and stored at —80 °C until use.
Further steps were performed according to the procedure described
previously by Dobolyi et al. [77]. Briefly, both sense and antisense [35S]
UTP-labeled riboprobes were generated from the above-described DNA
probes using T3 and T7 RNA polymerases of the MAXIscript Transcription
Kit (Ambion, Austin, TX, USA) and used for hybridization at 1 million DPM
(discharges per minute) activity per slide. Washing procedures included a
30 min incubation in RNase A, followed by decreasing concentrations of
sodium-citrate buffer (pH 7.4) at room temperature and subsequently at
65 °C. Following hybridization and washes, slides were dipped in NTB
nuclear track emulsion (Eastman Kodak) and stored at 4 °C for 3 weeks for
autoradiography. Then, the slides were developed and fixed with Kodak
Dektol developer and Kodak fixer, respectively, counterstained with
Giemsa, and coverslipped with Cytoseal 60 (Stephens Scientific, Kalama-
200, MI, USA). A cell was considered to express OGDH if the number of
autoradiography grains accumulated in a seemingly Gaussian distribution
around a center was at least three times higher than the background level
in an area corresponding to an average cell size (a circle with a diameter of
25 pm) in the same section.

Combination of in situ hybridization histochemistry with S100
and Iba1 immunohistochemistry

Slide attached sections of fixed brain tissue block from the medial
temporal lobe were first processed for ISH, as described above. Thus,
tightly bound RNA-RNA pairs were already formed by the time
immunohistochemistry was performed, immediately before dipping the
slides into an autoradiographic emulsion. In addition, the solutions used
for perfusion and immunohistochemistry were prepared with DEPC-
treated RNAse-free water, which ensured that the labeling intensity of the
ISH did not decrease significantly. The immunolabeling protocol for mouse
anti-S100b (1:250 dilution, Sigma-Aldrich, Cat. No. S2532) and goat anti-
ionized calcium-binding adapter molecule 1 (lba1) (1:100 dilution, Abcam,
Cat. No. ab107159) was the same as that described above for double
labeling immunohistochemistry. Immunoreactivity was visualized using
DAB reactions, after which the ISH procedure was continued by dipping
the slides into the emulsion. Each double-labeling experiment included
controls, which were carried out through the double-labeling procedure
without the application of radioactive ISH probes. These controls
demonstrated that the DAB signal did not induce an autoradiography
signal. An OGDH-expressing cell was considered S100- or Iba-
immunopositive if at least 70% of the area of the circle containing the
accumulation of autoradiography grains contained immunoreactivity for
S100 or Iba1l and the center of the autoradiography grains was within the
immunolabeled cell. To define the distribution of ISH signals over the cells,
we used ImageJ software [78]. After uploading the images, the channels
were separated, and the red channel was selected. Using the “Threshold”
function, the darkest pixels were selected by setting the slider between 0
and 128, ensuring that only the ISH signal was selected, excluding the
DAB-stained glial cells. A critical step in our quantitative analysis was to
first determine the average area of glial cells, which was then used as a
baseline to measure the ISH signal intensity across both glial and non-glial
cells. We outlined five randomly selected glial cells per image across four
different images to establish this average area. This standardized area was
then applied to each instance of accumulated OGDH signals to ensure
uniformity in the measurement scale across all cells analyzed (see
Supplementary Fig. 3). The “Analyze Particles” Image J function was used
to measure the number and area of the dark pixels, representing the
OGDH mRNA within each predefined area. Parameters were set to include
all sizes (0-infinity) and circularity (0.00-1.00) to include all relevant signals.
For each cell, we quantified the intensity of the OGDH signals by
measuring the dark pixels within the marked areas and adjusted these
values by subtracting the dark pixel area observed in the background. The
corrected values were then used to calculate the percentage of
distribution relative to each cell’s area.

Microscopy and photography

Sections were examined using an Olympus BX60 light microscope, also
equipped with fluorescent epi-illumination and a dark-field condenser.
Images were captured at 2048 x 2048 pixel resolution with a SPOT Xplorer
digital CCD camera (Diagnostic Instruments, Sterling Heights, MI, USA)
using Xx10-x100 objectives for bright-field images. The contrast and
sharpness of the images were adjusted using the ‘levels’ and ‘sharpness’
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commands in Adobe Photoshop CS 8.0. Full resolution was maintained
until the photomicrographs were cropped, at which point the images were
adjusted to a resolution of at least 300 dpi.

Statistical analyses

A quantitative analysis of protein expression by reverse phase protein array
(RPPA) and the mRNA expression patterns of TCA cycle enzyme subunits
was conducted in the PHC and the neighboring EC of people who died by
suicide. We used postmortem brain tissue samples from 12 controls and
10 suicidal individuals. The numbers of samples were chosen based on a
power analysis to ensure adequate power to detect the pre-specified effect
size in mitochondrial protein levels. This analysis involved estimating the
expected effect size and variability in the data and setting a target power
level of 80% and a significance level of 0.05. These factors allow the
selection of the sample size to balance sensitivity in detecting meaningful
differences while considering practical constraints such as sample
availability. The demographic data of the control and suicidal individuals
were compared using the Chi-square test or Welch’s unequal variances t-
test (p <0.05). A statistical analysis of RPPA data was performed using a
Python Statistical Analysis Tool (Python 3.8.5) to identify differentially
expressed proteins between control and suicide groups. The signal
intensities of <1% of undiluted samples were excluded. A principal
component analysis (PCA) plot was generated for PHC samples across all
the measured proteins using the ggfortify package in R Studio [79].
Levene's test indicated that the variances are not significantly different for
RPPA data. Therefore, two-way ANOVA was employed for the statistical
analysis of altered protein expression for each brain region, using the
protein expression levels of the 11 examined mitochondrial genes and the
groups (suicide vs. control) as factors, followed by Sidak's multiple
comparison test. A Welch’s unequal variances t-test was carried out to
compare mRNA expression between groups (GraphPad Prism 8.0.1). To
examine the relationship between protein expression levels and post-
mortem interval (PMI), we calculated the Pearson correlation coefficients
for each protein. To further explore the relationship between protein
expression and other covariates, linear regression analyses were con-
ducted using the RStudio software. Statistical significance was determined
at p <0.05, and the results were plotted as mean = SEM (standard error of
the mean).

RESULTS

Comparing suicide and control samples

A reverse phase protein array (RPPA) was used to examine
mitochondrial protein expression changes in individuals who
had died of suicide. A total of 11 TCA cycle enzyme subunits
were profiled in the parahippocampal (PHC) and comparison
brain regions. The demographic information for the control and
suicide groups is listed in Suppl. Table 1. The age, sex, and
postmortem interval (PMI) covariates were compared between
the control and the suicidal individuals using Welch’s unequal
variances t-test or Chi-Square test. No significant differences
were found between the two groups for the age and sex
covariates. However, a significant difference was observed
between the controls and suicide samples regarding the PMI
covariate (Supplementary Table 1).

Characterizing the expression levels of selected TCA cycle
enzymes in people who died by suicide

The expression values for the 11 TCA cycle enzyme subunits were
compared across 22 cortical samples to identify differentially
expressed proteins between the control and suicide groups. Two
of the validated antibodies can recognize transcript variants. The
anti-oxoglutarate dehydrogenase (OGDH) antibody (Proteintech,
cat. no. 15212-1-AP) recognizes two transcripts, OGDH isoform 1
and isoform 2. Another anti-OGDH antibody (Sigma-Aldrich, cat.
no. HPA020347) recognizes the OGDH isoform 3. Significant
changes were observed between groups as the expression levels
of dihydrolipoamide dehydrogenase (DLD), OGDH isoforms 1 and
2, succinate dehydrogenase B (SDHB), succinyl-CoA ligase ATP-
forming subunit beta (SUCLA2), and succinyl-CoA ligase GTP-
forming subunit beta (SUCLG2) enzymes were upregulated in the
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Fig. 2 Expression level changes of DLD, DLST, IDH1, IDH2, OGDH isoforms 1 and 2, OGDH isoform 3, SDHA, SDHC, SDHB, SUCLA2, and
SUCLG2 in human PHC and EC. A Bar graphs show representative examples of 5 differentially expressed subunits of the TCA cycle in the PHC.
B At the same time, there were no significant changes in the protein expression of these subunits in the EC. Data are based on 10 control and
10 suicide individuals for PHC, and 7 control and 5 suicide individuals for EC as indicated in Table 3. Protein expression was analyzed using two-way
ANOVA followed by Sidak’s multiple comparisons tests. C The mRNA expression analysis of the altered TCA enzyme subunit DLD, OGDH isoforms 1
and 2, SDHB, SUCLA2, and SUCLG2 showed that gene expression of OGDH isoforms 1 and 2, SDHB and SUCLG2 were significantly elevated in the
PHC as expected. Data are based on 9 control and 9 suicide individuals for PHC, and the gene expression was analyzed using Welch's unequal
variances t-test. Bar graphs represent mean + SEM (*p < 0.05, **p < 0.01, ***p < 0.001). EC entorhinal cortex, PHC parahippocampal cortex.

PHC of suicidal individuals (Fig. 2A). In contrast, no significant
differences were observed between the suicide and control
groups in the EC for any of the examined proteins (Fig. 2B). The
MRNA levels for each of the 5 significantly altered proteins were
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analyzed in the PHC of both groups. The quantitative PCR analyses
identified three significantly altered genes, thus, we verified an
increased expression of the OGDH isoforms 1 and 2, SDHB, and
SUCLG2, whose expression level alterations confirmed their
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protein expression (Fig. 2C). The mRNA expression of SDHC was
also significantly increased in the PHC, despite the protein level
not changing significantly. However, the p-value of its expression
level was less than 0.1 (p =0.056) (Fig. 2C). Although the mRNA
expression of DLD and SUCLA2 was higher in people who died by
suicide than in control subjects, the observed differences were not
statistically significant (not shown; SUCLA2: p=0.109, DLD:
p=0233).

Protein expression changes of non-mitochondrial proteins in
people who died by suicide

Based on the previous results, changes in both mRNA and protein
levels of the selected TCA cycle enzyme subunits are prominent in
the PHC. Therefore, we sought to determine whether changes in
the levels of some non-mitochondrial proteins, which do not play
a role in mitochondrial processes, occur in this region. To this end,
three proteins were selected for analysis: the epidermal growth
factor receptor (EGFR), the Notch receptor 1 (NOTCH1), and the G
protein subunit alpha g (GNAQ). These proteins have been
demonstrated to play a role in cell signaling processes [80-82].
The protein levels of these three genes did not differ between the
control and suicide groups, either in the PHC or the EC (Fig. 3A, B).

Characterization of the protein expression of selected TCA
cycle enzyme subunits in regions belonging to the default
mode and salience networks

Studies have shown that individuals with depression exhibit
alterations in DMN and salience network (SN) function, which may
contribute to negative rumination and difficulties in regulating
emotions, and an increased sensitivity to stressors [83, 84].
Similarly, alterations in the interaction between the DMN and
the SN have been observed in individuals who have attempted
suicide [68, 85]. To ascertain whether the altered expression of
TCA cycle enzymes occurs in cortical brain regions belonging to
the DMN and SN, we conducted a comparative analysis of the
expression levels of all 11 examined subunits in the DMPFC, ACC,
and insular cortices between the control and suicide groups. Our
findings revealed no significant alteration between the two
groups for the examined proteins (Fig. 4).

Analysis of the PMI-dependent protein expression of the PHC
and EC samples

To ascertain whether the difference in PMI could influence protein
expression, principal component analysis (PCA) was performed
(Supplementary Fig. 1). This method enables the identification of
clusters comprising samples exhibiting similar expressional
features. The majority of the variance observed (58%, PC1) across
the PHC samples can be attributed to the differences between the
control and suicide groups, as demonstrated by their distinct
clustering (Supplementary Fig. 1A). However, there were minor
overlaps, with one control and one suicide sample showing
similarities to the opposite cluster. Based on the plot, it can be
concluded that PMI does not significantly affect protein expres-
sion in the PHC samples. We also performed PCA on the EC
samples (Supplementary Fig. 1B), which further supports the same
conclusion.

To further validate the impact of PMI on our findings, we
performed Pearson correlation and linear regression analyses on
PMI-dependent protein expression for all the examined TCA cycle
enzyme subunits, as well as on the three examined non-
mitochondrial proteins in the PHC and EC samples. The results
indicate that PMI did not affect the expression levels of the
examined proteins and genes (Supplementary Table 2).

The distribution of mRNA expression of OGDH in the human
parahippocampal cortex

To investigate the cell-type-specific expression of one of the
significantly upregulated TCA cycle enzymes, OGDH isoforms 1
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Fig. 3 Bar graph showing the representative protein expression
of 3 non-mitochondrial proteins, the EGFR, NOTCH1, and GANQ.
A and B For these proteins, statistical analyses showed no
differences between the control and suicide groups in the PHC (A)
and EC (B) (p <0.05). Data are based on 10 control and 10 suicide
individuals for PHC, and 7 control and 5 suicide individuals for EC.
Protein expression was analyzed using two-way ANOVA followed by
Sidak’s multiple comparisons tests. Error bars represent the SEM. EC
entorhinal cortex, EGFR epidermal growth factor receptor, GNAQ G
protein subunit alpha g, NOTCH1 Notch receptor 1, PHC para-
hippocampal cortex.

and 2, we performed ISH combined with immunolabeling for glia
markers in the PHC. ISH histochemistry revealed the distribution of
the mRNA levels of OGDH (Fig. 5A-C). In the PHC, all layers
contained OGDH mRNA. In sections labeled for OGDH mRNA, both
S100-immunoreactive and lbal-immunoreactive cells were visua-
lized (Fig. 5D, E). Cells expressing high levels of OGDH mRNA did
not co-localize with S100b and Ibal immunoreactivity. Conversely,
cells containing S100 and Iba1 exhibited only low levels of OGDH
mRNA. The average background-corrected distribution of OGDH
mRNA over non-glial cells was 16.69 £0.67%, indicating strong
labeling. In contrast, the average corrected distribution of OGDH
mRNA over S100-immunoreactive cells was 3.83 £+ 0.39%, and over
Ibal-immunoreactive cells it was 229+0.4%. These values
suggest that the ISH signals in glial cells are slightly higher than
in the background, indicating weak OGDH expression. Details of
the validation of ISH specificity and control for DAB staining are
shown in Supplementary Fig. 2, and a quantitative analysis of
OGDH ISH signal intensity across different cell types is shown in
Supplementary Fig. 3.

DISCUSSION

The primary finding of the study is the increase in the level of
mitochondrial proteins in the parahippocampal cortex (PHC) of
people who died by suicide, which participate in the oxidative
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Fig. 4 Protein expression of the examined TCA cycle enzyme subunits in the DMPFC, ACC, and insular cortex related to suicidal behavior.
A Bar graphs show that the expression levels of the investigated proteins did not change in the DMPFC of suicide individuals compared to
control subjects. B and C Similarly, there were no differences in the expression levels of the examined enzyme subunits in the ACC (B) and
insular cortex (C) between the suicide and control groups. Protein expression was analyzed using two-way ANOVA followed by Sidak’s
multiple comparisons tests. Error bars represent the SEM (control group for DMPFC: n = 6; suicide group for DMPFC: n = 10; control group for
ACC: n=10; suicide group for ACC: n = 8; control group for insular cortex: n = 10; suicide group for insular cortex: n = 9).

decarboxylation branch of glutamine catabolism. Samples from
the postmortem brains of 12 control and 10 suicidal individuals
were used to establish this finding (Supplementary Table 1).
However, not all brain regions were available from all patients
throughout. It is noteworthy that RPPA data in the PHC were
obtained from 10 control and 10 suicidal individuals. The number
of samples in comparison brain regions contained a smaller
number of brains, which, however, consistently exceeded a
minimal brain number of n =75 per group. In these brain regions,
no changes or marked differences were observed in the level of
the same mitochondrial proteins, which suggests that the
alterations are specific to the PHC. Given that the neighboring
PHC and EC samples were derived from the same side of identical
brains, it is reasonable to exclude any potential methodological
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bias due to differences in brain tissue or substance preservation or
local effects (e.g. acidification, freezing time, etc.).

Another methodological consideration is whether differences
between patients, aside from suicidal behavior, play a role in the
observed changes. In that regard, it should be noted that clinical
and pathological diagnosis was available for 9 control subjects
and 9 people who died by suicide. In the control group, acute
cardiac insufficiency was the most frequent cause of death. While
cardiac as well as respiratory insufficiency can lead to hypoxia,
brain tissue hypoperfusion also occurred in 7 of the suicidal
individuals whose cause of death was by hanging (Suppl. Table 1),
even though in the latter cases, the degree and extent of the
hypoxia could not be determined. Despite the fact that the
number of samples belonging to these subgroups is insufficient
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Fig. 5 The lack of significant OGDH mRNA expression in glial cells. OGDH mRNA expression in the PHC of a control individual was visualized
by ISH histochemistry. A and B Bright-field photomicrographs show the high intensity of OGDH isoforms 1 and 2 hybridization signals in the
PHC. C A high-magnification bright-field microphotograph shows the expression of OGDH. D and E High-magnification pictures demonstrate
the location of autoradiography grains representing OGDH mRNA in relation to S100- (D) and Ibal-immunoreactive glial cells (E). White
arrowheads indicate the OGDH mRNA-expressing cells. In contrast, S100-immunoreactive astrocytes indicated by black arrowheads in D are
not labeled for OGDH mRNA. Also, mRNA expression of OGDH is absent in Ibal-immunoreactive microglia (black arrowheads) in (E). Scale bars

are 500 pm for A, 100 um for B, D, E, and 12.5 um for (C).

for statistical analysis, it is unlikely that the observed differences in
protein levels were influenced by these factors instead of suicidal
behavior. It is also noteworthy that none of the suicidal individuals
in our study had a previous diagnosis of depression. While this
statement does not exclude the possibility that some of them
suffered from depressive disorder, it is rather unlikely that they
had received antidepressant medication, an important factor in
altering gene and protein expression.

It is argued that the results and data interpretation were not
affected by sex and age factors. Males and females were included
in both control and suicidal groups with almost the same ratio,
and the mean age of both groups was similar. However, the
postmortem delay was higher in the suicide group. While previous
analysis using postmortem samples stored at 4 °C did not identify
protein decay within 24 h [86], the maximum PMI in the present
study reached 10h. Therefore, we addressed this question
statistically. A principal component analysis showed clusters of
the PHC samples based on which group they belong to but not
based on PMI (Supplementary Fig. 1). In addition, a linear
regression analysis of PHC and EC samples did not show a
correlation with PMI, thereby refuting the hypothesis that PMI
plays a role in protein level differences between the 2 groups in
the PHC. Finally, the lack of difference between the protein levels
in other than parahippocampal brain areas also implies that PMl is
not responsible for the observed differences in the PHC. Protein
levels of 5 subunits differed among the 11 examined mitochon-
drial TCA cycle enzyme subunits in the PHC (Fig. 2A). Protein levels
of the examined subunits were compared in the adjacent EC
samples derived from the intermediate subfield of the EC.

Translational Psychiatry (2024)14:479

Although the entorhinal and parahippocampal cortices are two
adjacent and anatomically and functionally interconnected brain
regions [87, 88], we found no alteration in protein expression of EC
samples for the examined proteins between the control and
suicide groups (Fig. 2B). Mitochondrial alterations were also not
found in other brain regions belonging to the DMN and SN, which
are known to be involved in depression and suicide, such as the
DMPFC, ACC, and insular cortex. It is noteworthy that other
researchers have observed altered functional connectivity
between the DMN and PHC in chronic depression and suicidal
behavior [34, 89-91]. In light of these observations, our protein
expression results suggest a specific role of the PHC in suicide.

In order to ascertain whether transcriptional events could be
responsible for the increased protein levels, the mRNA levels of
these proteins were also investigated (Fig. 2C). Three out of five
altered proteins demonstrated elevated mRNA levels suggesting
the involvement of transcriptional regulation. Thus, mRNA
measurements and RRPA data analysis, as independent techni-
ques, highlight and validate the identified changes in the PHC.
While a relatively large percentage of mitochondrial protein
expression was changed in the PHC, none of the examined non-
mitochondrial proteins, EGFR, NOTCH1, and GNAQ, exhibited any
differences among groups for the same brain area (Fig. 3A, B).
Given that the non-mitochondrial proteins under investigation are
involved in common metabolic signaling processes [80-82], their
unaltered levels between the control and suicide groups suggest
that altered processes involving mitochondrial rather than
cytosolic metabolism are more prominent in the PHC in relation
to the pathophysiology of suicidal behavior.
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Studies have shown that depression is associated with future research should consider including a more balanced

mitochondrial damage, disrupted electron transport, increased
oxidative stress, neuroinflammation, and apoptosis, leading to
impaired neuroplasticity and neurogenesis [44, 92-96]. Maintain-
ing mitochondrial quality control is essential for cellular function,
and mitochondrial homeostasis is emerging as a potential
therapeutic target for mood disorders. More recently, Punzi et al.
[47] considered that suicidal completion by violent methods may
be associated with elevated mitochondrial metabolism in the
dorsolateral prefrontal cortex (DLPFC). Given that the majority of
people who died by suicide included in our study (8 out of 10)
died by violent methods, in line with the observations presented
by Punzi and colleagues, our findings confirm the activation of
mitochondrial metabolism in the PHC. Research has consistently
demonstrated that gender plays a significant role in determining
the mode of death among people who die by suicide. Specifically,
males are more likely to choose violent methods such as firearms
or hanging, whereas females tend to opt for less violent means
such as drug overdose or self-poisoning [97]. These sex-specific
patterns in suicide methods may stem from various factors,
including biological differences, societal norms, and access to
means [98, 99]. However, it is important to acknowledge the
potential influence of the predominantly male composition of our
study cohort. While our findings align with existing literature,
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representation of both sexes to ensure robust conclusions
regarding the influence of gender on suicide behavior.

Our data allowed more specific conclusions to be drawn since
the altered mitochondrial proteins catalyze specific reactions
belonging to the TCA cycle. Among these, the ketoglutarate
dehydrogenase complex (KGDHC), which contains OGDH and DLD
subunits, catalyzing the irreversible decarboxylation of a-ketoglu-
tarate to succinyl-CoA while the SUCLA2 and the SUCLG2 are
necessary for converting succinyl-CoA to succinate (Fig. 6).
Currently, there is a paucity of data regarding the impact of
alterations in these enzymes on psychiatric disorders. Mass
spectrometric proteomic studies have demonstrated that OGDH
is downregulated in the prefrontal cortex in a rat model of
depression [100] and in the DLPFC of MDD patients [26].
Furthermore, expression studies have identified reduced gene
expression levels of SUCLA2 in the prefrontal cortex of depressed
individuals [101] and increased protein expression of SDHB in rats
exhibiting high-anxiety-like behavior [102]. Recently, Linghu et al.
reported that depressive rats caused by chronic, unpredictable
mild stress show a significantly decreased TCA cycle based on a
stable isotope-resolved metabolomics study [97]. In turn, a
genome-wide association study (GWAS) has reported that a
specific variation of DLD was associated with MDD [37]. Another

Translational Psychiatry (2024)14:479



GWAS study has indicated that genetic variation in SUCLAZ2 is
associated with an increased likelihood of fatal suicide behavior
[103]. Our study builds on the examination of individuals who died
by suicide but had no diagnosed history of mental illness. The
upregulation of certain enzymes in our study contrasts with the
downregulation observed in MDD patients, suggesting different or
compensatory mechanisms might be at play in the absence of a
diagnosed mental illness. Understanding these differences could
provide insight into the metabolic dysregulation associated with
suicidal behavior, independent of psychiatric diagnoses. It high-
lights the need for further research to delineate whether these
enzymatic changes are a cause or consequence of suicide and
how they interact with other biological and environmental factors.
Within the TCA cycle, genes with altered expression levels in
people who died by suicide are all involved in the conversion of a-
ketoglutarate to fumarate through the concerted action of
KGDHC, SUCL, and SDH (Fig. 6), which is part of the oxidative
decarboxylation pathway of glutaminolysis. Recent research has
shown that fumarate can affect cellular function in neurons
through a variety of mechanisms [104, 105]. The evidence
currently available suggests that fumarate can directly release
mitochondrial DNA (mtDNA) through the activation of the TCA
cycle in cells [106, 107] and influence neuronal functions [108].
However, the precise mechanisms by which fumarate may impact
mtDNA release and neuronal function remain to be discovered.
What is known is, that disruptions in mitochondrial function and
mtDNA integrity can contribute to the development of neurolo-
gical disorders [109], and fumarate has been shown to play a role
in various cellular processes related to neuronal function, such as
oxidative stress and inflammation [110, 111]. Although fumarate
has been demonstrated to exert a pivotal role in cellular
metabolism and signaling, further research is necessary to
elucidate the intricate interactions between fumarate, the TCA
cycle, mtDNA, and neuronal functioning.

Glutaminolysis is an adjuvant/alternative pathway for energy
production that converts glutamine to glutamate and then to a-
ketoglutarate [112], which eventually follows mitochondrial
substrate-level phosphorylation [113, 114]. It has been demon-
strated that energy production by the TCA cycle is altered in
depression [115]. The present data suggest that subunits of all
major TCA enzymes belonging to glutaminolysis were upregu-
lated in the PHC of people who died by suicide, implying the
potentiation of glutaminolysis in suicidal behavior. It is plausible
that increased glutaminolysis occurs predominantly in neurons
rather than glial cells in the PHC. This is because the TCA cycle is
less active in glial cells than in neurons, considering that some of
the enzyme subunits exhibiting increased expression in people
who died by suicide, such as OGDH, SUCLA2, SUCLG2, SDHB, and
SDHC, are primarily expressed in neurons rather than glial cells,
especially in the human cerebral cortex [75, 77, 116]. To confirm
this hypothesis, we conducted ISH in the PHC targeting OGDH
MRNA combined with immunolabeling for astrocyte marker S100
and microglia marker Iba1. Based on our findings, double mRNA
expression was detected more in glial cells than in neurons, which
is consistent with our previous double immunolabeling study [75].
It should be noted that our study did not specifically quantify
OGDH mRNA expression or use neuronal markers to explicitly
demonstrate neuronal localization. Nevertheless, the observed
pattern of OGDH labeling in the parahippocampal cortex aligns
with findings from a recent quantitative study in the human
neocortex and hippocampal formation, which demonstrated that
mitochondrial enzymes involved in oxidative phosphorylation are
predominantly localized in neurons [116]. This alignment supports
the inference that OGDH, which is essential for metabolic
processes in neurons, exhibits a similar distribution in the PHC.
Since the ISH was performed in a control subject, we do not know
if changes in the cellular distribution of OGDH and other
mitochondrial enzymes changed in people who died by suicide.
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Glutaminolysis is not active in glial cells because they transport
glutamine to the neurons rather than using it as an energy source.
In turn, the major source of glutamine in neurons arrives from
astrocytes via the glutamate-glutamine shuttle [117]. The
astrocyte-derived glutamine can be used by the neurons to
produce energy via the TCA cycle or to produce glutamate for
neurotransmission. The data do not provide information regarding
the amount of glutamate used as a neurotransmitter in suicidal
individuals. However, the increased glutaminolysis implies
increased energy production, which typically serves to maintain
increased neuronal activity. Previous studies have reported that a
positive BOLD response reflects increased energy production
during activation [118-120]. Consequently, the augmented TCA
cycle activity in the PHC of suicidal individuals is consistent with
the findings of fMRI studies reporting elevated BOLD responses to
the PHC of suicide attempters [121-123].

CONCLUSION

The data point towards altered glutaminolysis in the PHC of
people who died by suicide. Thereby, a molecular component
potentially fueling increased neuronal activity in this brain area
was identified. Additionally, the observed molecular changes in
the PHC also suggest that the cause of suicidal behavior may
originate in this brain region through molecular dysfunctions. The
PHC may then potentially affect other regions within the default
mode network through its increased activity, which could
contribute to suicidal behavior.
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