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ABSTRACT: Schizophrenia is a chronic disease characterized by the impairment of mental
functions with a marked social dysfunction. A quantitative proteomic approach using iTRAQ
labeling and SRM, applied to the characterization of mitochondria (MIT), crude nuclear
fraction (NUC), and cytoplasm (CYT), can allow the observation of dynamic changes in cell
compartments providing valuable insights concerning schizophrenia physiopathology. Mass
spectrometry analyses of the orbitofrontal cortex from 12 schizophrenia patients and 8 healthy
controls identified 655 protein groups in the MIT fraction, 1500 in NUC, and 1591 in CYT.
We found 166 groups of proteins dysregulated among all enriched cellular fractions. Through
the quantitative proteomic analysis, we detect as the main biological pathways those related to
calcium and glutamate imbalance, cell signaling disruption of CREB activation, axon guidance,
and proteins involved in the activation of NF-kB signaling along with the increase of
complement protein C3. Based on our data analysis, we suggest the activation of NF-kB as a
possible pathway that links the deregulation of glutamate, calcium, apoptosis, and the activation
of the immune system in schizophrenia patients. All MS data are available in the
ProteomeXchange Repository under the identifier PXD015356 and PXD014350.
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1. INTRODUCTION

Schizophrenia is a chronic disease characterized by the
impairment of mental functions with a marked social
dysfunction. Over the years, several hypotheses have emerged
about its etiology and physiopathology, but it is widely
accepted that factors such as genetic susceptibility and
environmental influences can cause the onset of the disease.1

Diagnosis and classification depend mainly upon a collection of
clinical features through the observation of positive symptoms
including delusions, hallucinations, speech, or disorganized
behavior as well as negative symptoms as affective bottling,
anhedonia, alogia, avolition, social withdrawal, and impaired
cognitive capacity.2 Negative and cognitive symptoms
currently remain without totally effective therapeutic options,
persisting in the chronic phase.3

One of the main brain areas related to cognitive and
behavioral disturbances is the frontal cortex. The dysfunction
of this brain region is associated with mental disorders like
psychosis, depression, and anxiety.4 Particularly the orbito-
frontal cortex (OFC), a subdivision of the prefrontal cortex, is
involved in the emotional and executive processing, reward-
guided behavior, and decision-making duet to its connection
with neuroanatomical structures as the hippocampus, ventral
striatum, amygdala, hypothalamus, anterior cingulate, and
other medial temporal areas.5 Clinical findings have linked
social functioning impairment with anatomic structural
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abnormalities in the OFC in first-episode schizophrenia
patients.6 In the same way, it was shown that the relationship
between structural brain abnormalities in the OFC and the
severity of negative symptoms7,8 suggest the key role of OFC
in the abnormal emotional responses and social disability.
According to the Schizophrenia Working Group of the

Psychiatric Consortium of Genomic (2014),9 single nucleotide
polymorphisms related to schizophrenia gene risk are
associated with several genes involving dopamine receptor,
glutamate neurotransmission, and immunity. Otherwise, tran-
scriptomic data show that pathways linked with mitochondrial
function and energy production, tight junction signaling,
protein translation, neurodevelopment, and immune system
seem to be very important in the pathophysiology of
schizophrenia.10−12

Several studies have been carried out the proteomic
characterization of post-mortem brain tissue of different
areas from patients with schizophrenia, showing that the
dysregulation of synaptic function as the NMDA receptors
hypofunction, calcium homeostasis, imbalance of mitochon-
drial energy metabolism and oxidative stress, dysregulation in
proteins of the cytoskeleton, and immune system are the main
pathways reported so far.13 However, only a few of these
proteomic studies have deepened into the subcellular
level.14−16 The traditional proteomic approach lacks the
important spatial information on the data; protein function is
related to its environment, and the pathophysiological process
can involve changes in protein subcellular localization.17

We analyzed OFC post-mortem brain tissue from patients
classified as residual schizophrenia according to the DMS-IV
manual. In this classification, the patients do not manifest
prominent positive psychotic symptoms but prevail character-
istic disturbance of negative symptoms.18 Through the
comparison of patient samples against a pool of control
subjects without any history of psychiatric illness, we generated
an organellar proteome map from different subcellular
fractions such as mitochondria (MIT), crude nuclear fraction
(NUC), and cytoplasm (CYT) with the aim to monitor the
subproteome changes using iTRAQ labeling for relative
quantification and selected reaction monitoring (SRM) for
targeted quantification. Subcellular proteome maps allowed to
observe dynamic changes in cell compartments providing
valuable insights concerning schizophrenia physiopathology in
the chronic phase of the disease.

2. EXPERIMENTAL PROCEDURES

2.1. Brain Samples

The OFC post-mortem tissues were collected from 12
schizophrenia patients at the State Mental Hospital in
Wiesloch, Germany. Patients were diagnosed as residual
schizophrenia (295.6) according to the Diagnostic and
Statistical Manual of Mental Disorders (DSM-IV) criteria.18

The OFC control samples were collected from eight
individuals at the Institute of Neuropathology, Heidelberg
University, in Heidelberg, Germany (Table S-1). It was
selected control subjects without any medical records of
mental clinical diseases, antidepressants, or antipsychotics
treatment during their lifetime and no history of alcohol or
drug abuse. Other neuropathologies were ruled out by
histopathological analysis, considering only brains with Braak
staging less than II. All assessments, post-mortem evaluations,
and procedures were approved by the ethics committee of the

Faculty of Medicine, Heidelberg University, Heidelberg,
Germany.

2.2. Subcellular Enrichment

For nuclear enrichment, 50 mg of OFC tissue were
homogenized in 10 volumes of Buffer A pH 7.4 (0.32 M
sucrose, 4 mM HEPES, and protease cocktail inhibitor tablets
(Roche)) and phosphatase inhibitor cocktails I and II (Sigma).
The homogenate was centrifuged at 1 000g for 10 min, 4 °C
obtaining the P1: crude nuclei. In the case of the mitochondria
and cytoplasm enrichment, 30 mg of intact OFC brain tissue
was incubated for 15 min on ice with 180 μL of 250-STM
buffer (250 mM sucrose, 50 mM Tris-HCl pH 7.4, 5 mM
MgCl2, Mini protease inhibitor, and phosphatase inhibitor
(Roche)). The tissue homogenization was made two times
with a pestle for 1−2 min incubating for 10 min. The sample
was centrifugated at 800g for 15 min 4 °C, obtaining the
supernatant Cyt 1 (cytoplasm + mitochondria). The pellet was
resuspended in 640 μL of 250-STM buffer, centrifuging at
800g, 15 min, 4 °C until the supernatant was clear. All
supernatants were combined and centrifugated at 6 000g, 15
min, 4 °C. The last supernatant was collected as CYT fraction
and saved to −80 °C until its use and the pellet (PM) was used
for mitochondria enrichment.
PM was resuspended in 250 μL of 250-STM buffer and

centrifuged at 6 000g, 15 min, 4 °C. The pellet was
resuspended in 250 μL of Hepes buffer (10 mM Hepes, (pH
7.9/Mini protease inhibitor and phosphatase inhibitor (Roche)
and incubated at 4 °C for 30 min (Eppendorf ThermoMixer,
cold room/mixing). The enriched mitochondria were loaded
on a sucrose gradient containing 1.75 mL of 50% sucrose, 1.75
mL of 36% sucrose, and 0.75 mL of 20% sucrose centrifuging
at 25 000 rpm, 4 °C, 60 min. The MIT fraction was transferred
to a new tube, filling in with Hepes buffer until 2 mL, and
centrifuged at 17 200g, 20 min, 4 °C. This procedure was
repeated four times. Finally, the pellet was stored at −80 °C
until use.

2.3. Protein Extraction and Western Blot Analysis

Protein extraction was made according to the Saia-Cereda and
collaborators protocol (2016),15 determining the protein
concentration by the Bradford assay (BioRad; Munich,
Germany). SDS-PAGE electrophoresis and the Western blot
analysis were previously described.16 The Western blot image
has been published in our previous study,16 where the
subcellular enrichment efficiency was evaluated using antibod-
ies against collapsin 2 for cytosolic proteins, ATP synthase
subunit alpha (ATP5A1) for mitochondrial proteins, post-
synaptic density protein 95 (PSD95) for synaptosomal
proteins, and histone deacetylase 1 (HDAC1) for nuclear
proteins.16

2.4. Protein Digestion

Enzymatic digestion for iTRAQ labeling experiment used 10
μg of protein from MIT (n = 6), 25 μg of NUC (n = 12), 50
μg of CYT (n = 11), and control pool (20 μg of MIT, 100 μg
of NUC, and 200 μg of CYT, all with n = 8). The samples were
reduced with 5 mM TCEP for 1 h at 30 °C, alkylated with 10
mM iodoacetamide for 30 min at room temperature followed
by dilution (1:10) with 50 mM triethylammonium bicarbonate
(TEAB) pH 8 and digestion with trypsin (1:50) for 18 h at 35
°C. The samples were cleaned in C18MacroSpin Columns
(Harvard Apparatus). The peptides were dried in a Speed Vac
and resuspended in 30 μL of TEAB 20 mM for Qubit assay
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quantification. For the SRM experiments, 8 μg of proteins from
all subcellular fractions (MIT, n = 12; NUC, n = 8; and CYT, n
= 12) and 8 μg of the control pool (n = 8 for MIT, NUC, and
CYT) were digested following the procedure above.

2.5. Isobaric Tag Labeling with iTRAQ and Strong Cation
Exchange (SCX)

The peptides from each subcellular fraction were labeled
according to the Nuñ́ez and collaborators protocol (2017).
The organization of 4-plex iTRAQ in all subcellular fractions
was made up as follows: three channels (114, 115, and 116)
were labeled with patients’ samples and one channel (117)
containing the pool of 8 control samples. Labeled peptides
were dried to a volume of 20 μL. For SCX chromatography
(MacroSpin Columns, Harvard Apparatus), the samples were
completed to a final volume of 100 μL with a solution of
KH2PO4 5 mM/ACN 25% pH 3. Peptides were eluted by one
step with 500 mM KCl for MIT and NUC fractions and 75,
150, 250, and 500 mM KCl for the CYT fraction. Samples
were desalted in C18MacroSpin columns (Harvard Apparatus),
dried, and suspended in 0.1% formic acid for quantification
(Qubit Protein Assay Kit, Thermo Scientific).

2.6. Mass Spectrometry Analyses

Peptides (2 μg) were analyzed in technical triplicate by nLC
Proxeon EASY-II system (Thermo Scientific). The chromato-
graphic conditions were as follows: flow-rate of 250 nL/min, 3
h of gradient beginning with 5−40% B for 167 min, 40−95% B
for 5 min, 95% B for 8 min, using as solvent A a solution of
95% H2O/5% ACN/0.1% formic acid and solvent B 95%
ACN/5% H2O/0.1% formic acid. The analytical column length
was 15 cm and an internal diameter of 75 μm (3 μm spheres,
Reprosil Pur C18, Dr. Maish), and the trap-column length was
3 cm with an internal diameter of 200 μm (5 μm spheres,
Reprosil Pur C18, Dr. Maish). Data acquisition was carried out
under a stream atmosphere provided by 5% ammonium
hydroxide.19

The chromatographic system was coupled online to an LTQ
Orbitrap Velos (Thermo Scientific) mass spectrometer. A
dynamic exclusion list of 90 s, spray voltage at 2.5 kV, and no
auxiliary gas flow were the settings used for data-dependent
acquisition mode. For Full MS scan, a scan range of m/z 375−
2000 and a resolution of 60 000 (at m/z 400) was used in the
Orbitrap analyzer. We selected the 10 most intense ions for
fragmentation, excluding unassigned and the 1+ charge state,
acquiring the MS2 spectra in the Orbitrap (resolution of 7 500
at m/z 400) with higher-energy collision dissociation (HCD)
using a normalized collision energy of 40.

2.7. Mass Spectra Analysis

Raw data were analyzed using Proteome Discoverer 2.1
software against the human database from neXtProt (February
12, 2019) using a target-decoy strategy (maximum delta CN of
0.05) and a false discovery rate (FDR) of 0.01. The search
space was full-tryptic considering two missed cleavages. The
precursor mass tolerance and fragment mass tolerance were 10
ppm and 0.1 Da, respectively. Fixed modification was included
in the carbamidomethylation of cysteine. Methionine oxida-
tion, protein N-terminal acetylation, and iTRAQ modifications
(K, Y, and N-terminal) were considered as dynamic
modifications. The peptide filter was set up for high confidence
counting only peptides rank 1 with a minimum length of 6
amino acids and using as peptide validation settings an
automatic control level peptide error with a strict target FDR

of 0.01. The confidence threshold in the FDR protein validator
was 0.01, grouping the proteins by maximum parsimony.
iTRAQ quantification was made with a unique peptide using

the patients’ value as a nominator and pool of controls as the
denominator for fold-change calculations . Additional filters as
a correction for the impurity reporter and a filter to not report
quantitative values for a single-peak in the precursor isotope
pattern were applied.

2.8. Statistical Evaluation of the Data

Data analyses were performed in the InfernoRDN program20

using unique peptides. For data normalization, the Central
Tendency and the absolute deviation of the adjusted median
were applied. The Grubbs test, with a minimum of three
peptides and p-value <0.05, was used as a parameter to group
the peptides in their corresponding protein. Robust estimators,
such as the median and median absolute deviation, were used
to calculate the z-score and the p-value associated with a 95%
confidence level, determining the statistically significant
variations in the relative abundance of proteins. Also,
InfernoRDN was used for the principal component analysis
(PCA) of the different subcellular fractions.

2.9. Biological and Functional Analysis

Subcellular localization protein assignment was made using
UniProt.21 Comparative analyses of data were performed in the
Venny 2.1 program.22 The biological function was analyzed by
Reactome Pathways23 together with the STRING 10.5
software24 (considering high-confidence interactions) and the
KEGG program.25

2.10. SRM Analysis

The SRM analysis was performed in an EASYII-nano-LC
(ThermoScientific) using a C18 column PicoChip 75 μm ×
105 mm (New Objective) and C18 trap column Acclaim
PepMap 75 μm × 2 cm (ThermoScientific). As solvent A was
used a solution of 95% H2O/5% ACN/0.1% formic acid and
solvent B 95% ACN/5% H2O/0.1% formic acid in a flow-rate
of 320 nL/min during 60 min.
The data were acquired in a positive mode using the selected

reaction monitoring (SRM) mode in the TSQ Quantiva
(Thermo Scientific) mass spectrometer. The first and third
quadrupoles were set up with a resolution of 0.7 (fwhm) using
a cycle time of 2 s. The precursor ions fragmentation was
carried out with argon gas with a CID gas pressure of 1.5
mTorr using normalized collision energy for each peptide in a
range of 10−30. Regarding the ion source parameters, the
spray voltage and the ion transfer tube temperature used were
2.6 kV and 280 °C, respectively, and the sweep gas was set up
as 0 (Arb). The data analysis of SRM results was performed
with Skyline v. 4.2 software using a public NIST library of
peptide ion fragmentation spectra from Peptide Atlas (Ion
Trap: Human. SpectraST format with short peptides (<7AA)
excluded. File Name: NIST_human_IT_2012−05−30_7AA.s-
plib.zip). For data normalization, we use as the global standard
the heavy peptide sequence AVLDLFEETSNIGSK. For
quantification analysis, we consider at least three transitions
per peptides, two peptides per protein family, considering at
least a dotp of 0.7. For proteins with more than one monitored
peptide, the sum of normalized areas of all peptides was used
for the statistical analyses. The Statistix 8.0 software was used
for the calculation of the significant variations in protein
abundance applying a completely randomized ANOVA test
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followed by Tukey HSD all-pairwise comparisons considering
a p-value <0.05.

3. RESULTS AND DISCUSSION

3.1. Proteins Identified by Mass Spectrometry

In the mass spectrometry analyses, we identified 655 protein
groups from the MIT fraction, 1500 proteins groups in NUC,
and 1591 protein groups in CYT (Table S-2), getting the
identification of 2159 protein groups among all fractions
(Figure 1). The Venn diagram reveals that the proteins
identified in all fractions (17.8%) are mainly related to
metabolism and axon guiance. A total of 9 % of the proteins
were identified only in MIT, and they are involved in electron
transport, the citric acid cycle, and ATP synthesis. The
percentage of proteins found only in NUC and CYT represents
26.3% and 36%, respectively. In NUC, the biological function
of these proteins is related to mRNA splicing; on the other
hand, in CYT fraction proteins are involved in polyamines
metabolism and NF-κB activation (Figure 1B; Table S-3). In
Figure 1C, the PCA shows three well-defined different
subpopulations corresponding to the patient data distribution
for each fraction.
After data normalization, we applied the Grubbs test with a

minimum of three peptides and p-value <0.05 per protein, in
order to obtain the highest quality data for protein
quantification. iTRAQ labeling robustly quantified a total of
1279 proteins, in which 329 for MIT fraction, 888 for NUC,
and 948 for CYT (Figure 1D; Table S-4).

3.2. Dysregulated Proteins and Their Functional Analysis

For the selection of dysregulated proteins, in addition to the
use of rigorous statistical criteria, we also consider the same

quantitative behavior for up- and down-regulated proteins in at
least 50% of patients. These criteria drastically reduce the
number of proteins considered as dysregulated to a total of 166
in all fractions (Figure 1D; Table S-5). We performed the SRM
analyses to monitor the endogenous peptides of key proteins
previously quantified by iTRAQ such as γCaMKII, GS, and
MAPK2 as another method to confirm the quantification of
these proteins. Additionally, the label-free SRM quantification
was able to monitor peptides of important proteins such as C3
and NF-kB family, who participate in key biological pathways
previously quantified by the iTRAQ strategy (Table S-6).

3.2.1. Mitochondrial Fraction. Mitochondrial dysfunc-
tion and structural changes have been widely reported in
schizophrenia patients.26−28 According to a recent review29 in
post-mortem brain tissue, mitochondrial abnormalities in these
patients vary according to the brain area, cell type, and also to
treatment response. Thirteen proteins were found dysregulated
in MIT fraction (Table S-5). We detected two proteins down-
regulated, such as CLTC and PPIase A (Table S-5), related to
endocytosis and protein folding, respectively. Additionally, we
found 11 up-regulated proteins, mainly involved in the
biological processes, such as the citric acid cycle and
respiratory electron transport, mitochondrial membrane
organization, and cristae formation (Table 1; Table S-7).
In our study, we found up-regulated proteins involved in

mitochondrial membrane organization such as voltage-depend-
ent anion-selective channel protein 1 (VDAC1) previously
reported as dysregulated in schizophrenia patients.27 VDAC1
overexpression mediated the mitochondrial apoptosis and its
oligomerization seems to be important for the release of the
pro-apoptotic proteins from the mitochondrial intermembrane
space to the cytosol.30 We also found increased the Protein

Figure 1. (A) Venn diagram of proteins identified among all cellular fractions. (B) Biological functions of the proteins identified exclusively in each
subcellular fraction. (C) Principal component analysis of the patient proteome data from different fractions. (D) Total number of proteins
identified, quantified, and dysregulated in each subcellular fraction.
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FAM162A, who interacts with VDAC1 inducing the
permeabilization of the mitochondrial transition pore,

triggering the apoptosis with the release of cytochrome c and
the activation of caspases.31−33 Another indication of the

Table 1. Proteins of the Main Dysregulated Pathways in Each Subcellular Fraction

protein ID description
subcellular
fraction regulation biological function

subcellular localization
(Uniprot)

NX_P22695-1 cytochrome b-c1 complex mitocondrial up aerobic respiration mitochondrion inner
membrane

NX_P50213-1 isocitrate dehydrogenase mitocondrial up carbohydrate metabolic process mitochondrion
NX_P21796-1 voltage-dependent anion-selective

channel
mitocondrial up anion transport mitochondrion outer

membrane
NX_P09622-1 dihydrolipoyl dehydrogenase mitocondrial up 2-oxoglutarate metabolic process mitochondrion matrix,

nucleus
NX_P07305-1 histone H1.0 isoform nuclear up apoptotic DNA fragmentation nucleus
NX_P09429-1 high mobility group protein nuclear up inflammatory response nucleus
NX_O60313-2 dynamin-like 120 kDa protein nuclear up apoptotic process mitochondrion membrane
NX_Q15149-1 plectin isoform iso 1 nuclear up hemidesmosome assembly cytoplasm
NX_P20700-1 lamin-B1 nuclear up interleukin-12-mediated signaling

pathway
nucleus inner membrane

NX_P31946-2 14-3-3 protein beta/alpha nuclear up MAPK cascade nucleus, cytosol,
mitochondrion

NX_P27348-1 14-3-3 protein theta nuclear up negative regulation of transcription nucleus, cytosol,
mitochondrion

NX_P63104-1 14-3-3 protein zeta/delta nuclear up apoptotic signaling pathway nucleus, cytosol,
mitochondrion

NX_Q99436-1 proteasome subunit beta type-7 cytoplasmic down ubiquitin-dependent protein catabolic
process

cytoplasm, cell membrane

NX_P17677-1 neuromodulin cytoplasmic down axon choice point recognition cytoplasm, nucleus
NX_O43242-1 26S proteasome non-ATPase

regulatory
cytoplasmic down ubiquitin-dependent protein catabolic

process
cytoplasm, nucleus

NX_P62266-1 40S ribosomal protein S23 cytoplasmic down cytoplasmic translation cytoplasm, nucleus
NX_P62847-4 40S ribosomal protein S24 cytoplasmic down translational initiation cytoplasm, nucleus
NX_P35080-1 profilin-2 cytoplasmic down actin cytoskeleton organization cytoplasm
NX_P04156-1 major prion protein cytoplasmic down activation of protein kinase activity cell membrane, Golgi

apparatus
NX_Q01518-1 adenylyl cyclase-associated protein cytoplasmic down actin polymerization or depolymerization cell membrane
NX_Q9Y490-1 talin-1 cytoplasmic down ire1-mediated unfolded protein response cytoplasm
NX_P25786-2 proteasome subunit alpha type-1 cytoplasmic down ubiquitin-dependent protein catabolic

process
cytoplasm, nucleus

NX_P39019-1 40S ribosomal protein S19 cytoplasmic down translational initiation cytoplasm, nucleus

Figure 2. Representation of the main proteins involved in apoptosis from the MIT fraction. During the apoptotic process, proteins as VDAC1 and
Protein FAM162A interact, leading the increase of mitochondrial Ca2+ uptake, triggering the apoptosis with the release of cytochrome c release. In
response to the apoptotic signals, IF1 and mitochondrial cristae proteins such as Mic19 and Mic25 are overexpressed to preserve the crista
architecture. Voltage-dependent anion-selective channel protein 1 (VDAC1), ATPase inhibitor (IF1).
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imbalance in apoptosis is the increase in proteins such as
Complex III and NipSnap1. Under oxidative stress conditions,
Complex III can trigger the intrinsic pathway of apoptosis,34

and NipSnap1 involved in Ca2+ imbalance35 can trigger the
mitophagy signals.36 These results agree with those previously
reported in a study made by our group, where we analyze the
synaptosome fraction of schizophrenic patients from the same
brain area,16 and we observed the deregulation of calcium
metabolism pathway concomitantly with the activation of an
apoptotic process (Figure 2).
When an apoptotic signal is activated, the balance between

pro- and antiapoptotic stimulus determines the cell death. One
of the most noticeable alterations in the apoptotic processes is
the structural changes of mitochondria, and it has been
suggested that mitochondrial cristae remodeling can impact
Cyt c release and mitochondrial storage.37 In response to the
apoptotic signals, we found increased in schizophrenia patients
the ATPase inhibitor (IF1) and mitochondrial cristae proteins
such as Mic19 and Mic25. IF1 overexpression has the capacity
to limit the cell death avoiding the ATP depletion from the
mitochondrial matrix induced by the reverse pumping of F1Fo-
ATP synthase during reduced membrane potential condi-
tions.38 IF1 also controls the mitochondrial cristae structure39

and together with Mic19 and its paralog Mic25 contribute to
the maintenance of the mitochondrial crista architecture and
membrane organization.40−42

3.3. Crude Nuclear Fraction

In the NUC fraction we found 87 proteins with significant
variation in their relative abundance (Table S-5). Three less

abundant proteins, APP, S100A1, PRKCB, are related to Ca2+

signal transduction and apoptosis. On the other hand, 84
proteins increased the abundance in this subcellular fraction,
and many of these are involved in apoptosis and chemical
synapses transmission (Table 1; Table S-7).

3.3.1. Proteins Located in the Cell Nucleus.
3.3.1.1. Apoptosis and Chemical Synapses Transmission.
The biological function related to one of the main dysregulated
protein groups is involved in the activation of apoptosis and
the localization of FOXO transcription factors (Table S-7).
Among these proteins, we can highlight the 14-3-3 protein
family, which is involved in the regulation of various cellular
events such as the apoptosis, interacting with apoptotic
proteins such as BAX, BAD, and caspases,43,44 autophagy,45

and the MAPK activity signaling pathway.46,47 Another
function associated with the 14-3-3 protein family is the
regulation of the FOXO transcription factor through
phosphorylation,48 inducing the cytoplasmic translocation of
FOXO inhibiting its binding to DNA.48,49 As a consequence,
the cytoplasmic FOXO is not available to regulate the
transcription of various genes like those belonging to the
NF-kB signaling pathway.50 The deficit in FOXO function
leads to an increase in the in vivo activity of NF-kB.51,52

In parallel, we were able to detect the increase of several
nuclear proteins related to NF-kB activation such as (1)
RhoB53 which can also elevate the caspase 3 in the
corticohippocampal neurons,54 (2) HMGB1, involved in the
excitoneurotoxicity mediated by NF-kB55 is released from
neurons to astrocytes activating the nuclear factor-kB;56,57 it is

Figure 3. (A) NF-kB signaling pathway. The increase of RhoB, HMGB1, and ERK-2 together with the glutamate activate the NF-kB signaling
pathway and the decrease of protein kinase C beta is involved in its regulation. NF-kB signaling pathway activation can promote the astrocytic
production of complement C3. (B) Quantification of complement C3 in the NUC fraction. (C) Quantification of complement C3 in the CYT
fraction. NF-kB, Nuclear Factor kappa B; RhoB, Ras Homologue Family Member B; HMGB1, High Mobility Group Box 1; ERK-2, Mitogen-
activated protein kinase 1.
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important to mention that HMGB1 activates NF-kB pathway
via the ERK-dependent mechanism,58 and in this sense, we
have detected by SRM the protein ERK-2 which is increased in
the NUC fraction (Table S-6), indirect evidence of ERK
activation.59 Also, we found down-regulation of the nuclear
Protein kinase C beta involved in NF-kB regulation60,61

(Figure 3A). A microarray profiled from the superior temporal
gyrus of patients with schizophrenia suggest that NF-kB
signaling is down-regulated in this brain area,62 but a recent
study of Volk and colleagues63 extensively map the expression
of genes related to NF-kB signaling through the canonical and
noncanonical pathways in the prefrontal cortex of schizo-
phrenia patients, concluding that both pathways are increased
and they are not affected by the antipsychotic treatment.
On the other hand, we found deregulated proteins that stand

out for participating in the chemical synapses transmission,
represented principally with the increase of proteins as
calcium/calmodulin-dependent protein kinase type II gamma
(γCaMKII). γCaMKII is a shuttle protein that binds Ca2+/
CaM. After the cytosolic increase of Ca2+, γCaMKII trans-
locates CaM from the cytoplasm to the nucleus.64 This protein
was reported previously up-regulated (together with CaM) in a
nuclear fraction from the corpus callosum and anterior
temporal lobe of schizophrenia patients;15 also it was shown
that γCaMKII has an abnormal regulation in the prefrontal
cortex by the miR-219 in the dizocilpine murine model.65

γCaMKII unique peptides were mapped and quantified using
the SRM technique in the NUC and CYT fractions (where
previously it could not be identified) demonstrating that
γCaMKII apparently is mainly located in NUC since it was
found increased in that fraction and no significant change in
CYT. However, how can the nuclear γCaMKII be increased in
our results if the nuclear CaM have the tendency to remain
decreased? (Table S-5). Previously, studies demonstrated that
γCaMKII needs to be phosphorylated in Thr287 for effective
CaM nuclear delivery66,67 and for this process, it was shown
that βCaMKII kinase function is responsible for pThr287.66 In
accordance with these observations, we found βCaMKII down-
regulated in the CYT fraction. Ma and colleagues (2014)
elegantly demonstrated that without βCaMKII phosphoryla-
tion at T287, the nuclear translocation of the γCaMKII is not
affected but nuclear delivery of CaM and CREB activation is
impaired66 (Figure 4). Imbalance in CREB activation is
detrimental to synaptic plasticity.68

The crude nuclear fraction obtained during the sample
processing, in addition to enriching nuclear proteins, brings
common contaminants such as mitochondria (especially those
located in the perinuclear region), sheets of the plasma
membrane, and also, possibly, minor contaminants such as
lysosomes, peroxisomes, Golgi membranes, and various
membrane vesicles.69 The methodology implemented restricts
the interpretation of the biological function of proteins that
can share different subcellular locations besides the nucleus, in
this data set, we detect as the main contaminants of the NUC
fraction, proteins whose more frequent subcellular location has
been reported in mitochondrion and cellular membrane;
nevertheless, some of these proteins are interesting to mention
due to their biological importance.
3.3.2. Mitochondrial Proteins Present in the Crude

Nuclear Fraction. We quantified proteins in the crude
nuclear fraction whose subcellular location has been reported
only in the mitochondrion and for which in the MIT fraction
we have not identified or observed any significant variation in

the relative abundance compared to the control group. What
could, then, explain that these proteins do not significantly
change their abundance in the MIT fraction and, at the same
time, are dysregulated in this crude nuclear fraction? One
possible answer is that these proteins have a nuclear function
not yet described or, the most plausible explanation is that
these proteins could reflect the activity of the perinuclear
mitochondria, due to the technical limitations mentioned
above for this type of enrichment for nuclear proteins. Since a
long time ago, the heterogeneity of mitochondria in a single
cell has been reported.70 In the same cell, the mitochondria can
be morphologically heterogeneous in terms of ultrastructure,
cristae density, and shape, having different respiratory status
and functional properties as divergences in Ca2+ and reactive
oxygen species (ROS) levels, protein composition, mitochon-
drial membrane potential, different response to apoptotic and
mitophagy signals, and also different fission and fusion
dynamics.70−74

Among these mitochondrial proteins, those belonging to the
electron transport chain are dysregulated. We found several
subunits of the NADH dehydrogenase (Complex I) as up-
regulated in our data set. Complex I subunits were previously
reported down-regulated in post-mortem brain tissues from
different brain areas in schizophrenia patients,13,75,76 and it was
demonstrated that antipsychotic treatment and early onset of
illness have a strong correlation with Complex I decline.75 On
the other hand, the mRNA expression of certain Complex I
subunits was significantly higher in blood samples of the

Figure 4. CREB imbalance hypothesis by γCaMKII. Cytoplasmatic
βCaMKII quantified as down-regulated in the CYT fraction was
reported as a key kinase that phosphorylates γCaMKII. It is
represented how the low availability of βCaMKII could affect
γCaMKII phosphorylation which would impact γCaMKII/Ca2+/
CaM interaction. The inappropriate interaction between γCaMKII
with Ca2+/CaM can lead to an inefficient nuclear shuttle of Ca2+/
CaM by γCaMKII. Inappropriated γCaMKII shuttles can impact
CREB activation by other Ca2+/CaM dependent kinases such as
CaMKK, CaMKIV, and αCaMKII. CREB, Ca2+/cAMP response
element-binding protein; βCaMKII, calcium/calmodulin-dependent
protein kinase beta; γCaMKII, calcium/calmodulin-dependent
protein kinase gamma; Ca2+/CaM, calcium/calmodulin.
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schizophrenia group, having a positive correlation with the
first-episode schizophrenia subgroup.77 It still did not fully
elucidate the biological meaning about the discrepancy in the
abundance of the different complex I subunits, nevertheless,
impairments in mitochondrial metabolism have been asso-
ciated with cognitive and behavioral abnormalities during the
clinical course of schizophrenia.77

Another set of key proteins that we detect in this fraction
were those related to the glutamate metabolism such as
glutamine synthetase (GS) increased in the NUC fraction and
glutamate dehydrogenase (GLDH) found as decreased in the
CYT fraction (Figure 5). Almost all of them are located in the
astrocytes, where the glutamate is taken up from the synaptic
cleft and converted to glutamine by GS or in α-ketoglutarate
by GLDH.78 On the other hand, once the glutamine is
produced in the astrocytes, it is transported to the neurons
where it is converted back into glutamate by the glutaminase
GA,79 and we observe a tendency of the increase of this protein
in our patients (Table S-5).
Over the years, the deregulation of glutamate has been

formulated as one of the main hypotheses in the pathophysi-
ology of schizophrenia in patients. High levels of glutamate
plus glutamine have been reported in unmedicated patients
when they are compared with healthy subjects.80 GS
transcripts have been reported as up-regulated in schizophrenia
thalamus suggesting the enhanced glutamatergic neuro-
transmission.81 Moreover, GS was found decreased in the
prefrontal cortex and increased in the anterior cingulate and
cerebellar cortex whereas no significant differences were
observed in the posterior cingulate cortex.82 Despite this, a
study points out that there are no significant differences
between the GS activity in the prefrontal cortex of
schizophrenia patients and controls.83 In this case, we monitor
GS by SRM confirming that it is increased in our patients
(Table-S6) suggesting that glutamine production can be
dysregulated in these patients. On the other hand, the level
of platelet GLDH before antipsychotic treatment has been
reported as significantly lower84 and higher in post-mortem

brain tissues from the prefrontal cortex of chronic schizo-
phrenia patients.83 Nevertheless, in a study performed by
Lander and colleges,85 the gene expression profile of Glud-1
was found down-regulated in the CA1 region of schizophrenia
patients, proving that Glud-1 deficient mouse had an elevated
excitatory/inhibitory balance in CA1 region with similar
behavioral abnormalities to the schizophrenia symptoms.

3.3.3. Membrane Proteins Present in the Crude
Nuclear Fraction. The first cluster of proteins dysregulated
that we would like to highlight are those related to glutamate
pathways, such as excitatory amino acid transporter 2
(EAAT2), whose main function is the regulation of total
glutamate uptake (Figure 5). EAAT2 is localized in the plasma
membrane of astrocytes but also in other cells as oligoden-
drocytes, microglia; and recently EAAT2 was also identified in
neurons.86 EAAT2 is the main transporter, responsible for
about 90% of the glutamate clearance in the synaptic cleft.87

The different amounts of transcript and protein levels of
EAATs in diverse brain areas of schizophrenia patients are
reported. Any variation in the amount of EAAT2 transcript or
protein level in the dorsolateral prefrontal cortex of
schizophrenia patients was not detected.88 However, in
another study from the prefrontal cortex of medication-free
schizophrenia patients, the mRNA levels of EAAT2 was
increased compared to the controls;89 in fact, the data reveals
that in the thalamus, the in excitatory neurons had a
compensatory increment of the EAAT2 mRNA expression,
suggesting an impairment in the clearance of glutamate
capacity by astrocytes and decoupled glutamate metabolism
in the tripartite synapse.90

The second group of proteins that we would like to mention
is involved in the complement system pathway. First, we
quantified as up-regulated the CD59 glycoprotein, an
important cell membrane whose main function is the inhibition
of C9 complement molecule to prevent the pore membrane
attack complex (MAC).91 In Alzheimer disease, it was
observed that CD59 activation is not efficient to suppress
the complement pathway.92 Recently, it was described the

Figure 5. Dysregulation in glutamate metabolism. In astrocytes, the glutamate is taken up from the synaptic cleft by the excitatory amino acid
transporters and converted to glutamine by glutamine synthetase (GS). In the presynaptic terminal, the glutamine is transported and it is converted
back into glutamate by glutaminase (GA). The deviation of the metabolism toward the preferential production of glutamine is also favored by the
decrease of GLDH in astrocytes and neurons. Gln, glutamine; Glu, glutamate; EAAT2, excitatory amino acid transporters 2; GLDH, glutamate
dehydrogenase; TCA, tricarboxylic acid cycle.
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activation of the complement pathway through the NF-kB
signaling. Astrocytes are one of the main sources of NF-kB,
which promote the production of complement C3, C3R
neuronal receptors stimulation, calcium imbalance, and
morphological change in dendrites.93 Based on this informa-
tion and in the evidence of NF-kB dysregulation in our data,
we decided to implement a targeted approach to quantify the
complement C3 and members of the NF-kB family using SRM
(Table S-6). We observed that C3 is increased in schizophrenia
patients compared to the control only in the NUC fraction,
which probably indicates, due to the technical limitations
related to the enrichment of this fraction mentioned above, the
location of C3 in the plasma membrane and the activation of
the complement pathway (Figure 3B,C). The NF-kB family
members such as NF-kB1 and NF-kB2 were also increased in
the NUC fraction (Table S-6), suggesting an important role of
this pathway as a possible mechanism for C3 activation.
Complement proteins are required for the central nervous
system to carry out the elimination of inappropriate synapses.94

The expression of C3 fragments on the cell surface also allows
the recognition of this signal by microglia CR3 receptors
promoting the engulfment of synaptic elements.95 This process
could participate in the active elimination of long-term
depression synapses when apoptotic mechanism as caspase-3
cascade is activated in dendrites without causing cell death.96,94

Over the years, the complement system has been indicated
as an important element in the schizophrenia pathogenesis.
Recently, one of the most extensive genetic studies links the
human major histocompatibility complex as one of the most
significant loci related to schizophrenia.9 In 2016, Sekar and
colleagues97 have reported elevated expression of the C4A
transcript in schizophrenia patients, reinforcing the theory that
C4 leads the C3 activation and the synapsis elimination.

3.4. Cytoplasmatic Fraction

In the CYT fraction, we quantified 87 dysregulated proteins
(Table S-5). This fraction stands out because most of the
proteins, that fulfilled our selection criteria, are not only down-
regulated but counter-regulated in relation to the other
fractions, that is, the same protein is mostly up-regulated in
the NUC or/and in the MIT fraction. The biological functions
associated with these proteins are the axon guidance process
which also includes the dysregulation of the proteasome
proteins and ribosomal proteins (Table 1; Table S-7).
One of the main proteins involved in axon guidance,

neuronal outgrowth, and synaptic plasticity is neuromodulin
(GAP-43), which decreased in the schizophrenia cohort. GAP-
43 down-regulation inhibits the initiation of axonal regrowth
after axotomy.98 In schizophrenia, subjects observed a
significant reduction of GAP-43 in the dentate gyrus.99

Moreover, the astrocytic GAP43 knockdown induces the
overexpression of EAAT2 that causes the excessive extrac-
ellular glutamate uptake activating the astrocyte-induced
neurotoxicity and microglial activation.100

Ribosomal proteins is another important cluster that also
participates in the axonal growth with the local mRNA
translation.101 We found the ribosomal proteins (RP)
decreased principally, from the 60S and 40S ribosomal
subunits (RS), responsible for catalyzing, during the protein
synthesis process, the peptide bond formation, and for binding,
decoding, and pairing the mRNAs codons and aminoacylated
tRNAs, respectively.102 New protein synthesis is essential for
axon guidance, structural remodeling, and functional change

behind the long-term potentiation and depression to establish
new synaptic connections and/or strength the pre-existing
synaptic communication, the molecular basis for memory
formation and maintenance.103 An integrated study of
proteomics and transcriptomic analysis using the human
olfactory neurosphere-derived from a schizophrenia patient
detect a significant reduction in 17 ribosomal proteins with a
lower global protein synthesis rates compared with the control,
and also a dysregulation was noticed in the upstream signaling
pathways that control the protein synthesis such as the eIF2
and mTOR signaling.104

Nevertheless, in this study, our data set reveals something
else about the ribosomal protein cluster. When we look at the
quantification in the other fractions, specifically in the NUC
fraction, two of that RP are up-regulated in NUC. For years,
the role of the extraribosomal function of RS in different
physiological and pathological processes, especially during
ribosomal stress, development, immune response, and tumori-
genesis has been investigated.105 The main functions of the
dysregulated RP with extraribosomal function are described in
Table 2.

Among all quantified RP, we can highlight S19 and L23. S19
inhibits the Macrophage migration inhibitory factor (MIF) and
prevents its transcription and protein expression.106,107 MIF-
knockout is characterized by the increase in caspase 3 activity
and down-regulation of MIF, under hypoxia conditions,
incrementing the neuronal loss through the NF-kB signal-
ing.108 On the other hand, L23 inhibits the transactivation of
MIZ1, a protein responsible for the activation of genes that
control cell arrest cycle in carcinoma cell lines.109,110

Furthermore, in our NUC proteins set, we found to increase
the Far upstream element-binding protein 1, a regulator that
induces the overexpression of MYC,111,112 a key protein with
opposite biological functions, depends on the cellular context,
cell proliferation, and apoptosis.113 Specifically, in neurons,
MYC overexpression promotes the activation of the cell cycle
leading to neuronal cell death114,115 and participates in the
apoptotic response mediated by NF-kB signaling in response
to neuronal excitotoxicity.116 Among all its functions, MYC
also regulates the expression of the target gene of L23110 and
can inhibit MIZ1 as well as L23.117 In myelodysplastic
syndrome, the RPL23/Miz-1/c-Myc circuit provides a
regulatory feedback to lead to apoptotic resistance;118

nevertheless, it was reported that in fibroblast models, MIZ1
inactivation is essential for MYC apoptotic function not for cell
cycle progression and transformation.119 However, in the
context of nervous system cells (NSC), it has been described as
different functions for MIZ1 such as the regulation of genes

Table 2. Extra-Ribosomal Functions of Ribosomal
Subunitsa

ribosomal
protein

CYT
fraction

NUC
fraction extra-ribosomal function ref

S19 ↓ ↑ inhibition of Mif, ERK and
NF-kB

106,107

L23 n.q. ↑ p53 activation. regulation
of Miz1 function.

109,110,128

S23 ↓ n.q Sre1 activity modulation
(yeast)

129

L28 = ↑ extraribosomalfunctions
unknown

an.q, not quantified. =, nonsignificant quantitative changes.
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responsible for vesicular transport and autophagy.120 Until the
moment, the function of L23-MIZ1 in the cells of the nervous
system has not been described, but it is possible that L23 could
exert a regulation of the MIZ1 function on the transcription of
this type of gene in the NSC. Although, despite the lack of
evidence in this sense, it is curious that in our data, we
observed the decreased of proteins such as the TBC1 domain
family member 24 which have related functions to those
observed by Wolf and collaborators,120 but the biological
functions of L23-MIZ1-Myc remain to be elucidated in
schizophrenia physiopathology.
Finally, proteins belonging to the ubiquitin-proteasome

system (UPS) were found dysregulated. UPS is the main
system for protein degradation but acts in receptor recycling,
vesicle trafficking, vacuolar degradation,121 and axon develop-
ment.122 The decrease of the UPS system in the superior
temporal gyrus and dentate granule neurons of individuals with
schizophrenia results in impairment of AMPAR homeostasis,
an abnormal structure in the dendritic spine and accumulation
of aberrant proteins in the endoplasmic reticulum (ER).123,124

An inefficient UPS can make the neurons more vulnerable to
reactive oxygen species contributing to the mitochondrial
impairments reported in schizophrenia.124

4. CONCLUSION
OFC is a brain area that plays a key role in sensory integration
and feedback processing. Changes in OFC volume gray matter
is associated with the severity of negative as well as cognitive
deficits in schizophrenia. In a previous study of this same brain
area, we perform the proteomic characterization of the
synaptosome fraction, finding as one of the main dysregulated
routes the calcium signaling pathway together with proteins
involved in ER stress and activation of the apoptosis process.16

Following our previous results,16 one of our first conclusions
is that activation of apoptosis is important in the
physiopathology of schizophrenia, at least in the OFC. This
is reflected in the increase of pro-apoptotic proteins in MIT as
VDAC1, Protein FAM162A, and Complex III. Second, the
decreased in the abundance of cytoplasmatic βCaMKII may
impact the nuclear function of γCaMKII66 with a negative
impact in a Ca2+/CaM shuttle and CREB activation impair-
ments associated with cognitive disability in schizophrenia
patients.
The dysregulation of glutamate metabolism apparently

happens in the regulation of its synthesis and clearance from
the synaptic cleft, simultaneously with impairment of the
cytoplasmatic membrane traffic, which impact EAATs
regulation. Evidence indicates that glutamate dysregulation
can lead to synaptic damage and neuron death, with a marker
of behavioral and cognitive dysfunction.125 Also, glutamate can
activate the NF-kB pathway.126 One of the most important
findings of this study is the overexpression of proteins
intimately related to the NF-kB signaling pathway. In the
NUC fraction, we found the activation of the 14-3-3 protein
family, RhoB, HMGB1; in the same way, we also found in the
NUC and CYT fractions proteins involved in the regulation of
NF-kB signaling as Protein kinase beta and L23, respectively,
as well as proteins that can induce neuronal loss through the
NF-kB pathway, for instance, S19 by means of MIF down-
regulation.
Finally, the abnormality in the cytoarchitecture of

schizophrenia patients’ brains has been widely reported, and
this evidence indicates that the loss of volume in the OFC is

not a consequence of the antipsychotic drug treatment.127 As
we mentioned earlier, in astrocytes the NF-kB signaling
pathway activation can promote the astrocytic production of
C3, stimulating the C3R neuronal receptors which entail a
calcium imbalance and changes in neural morphology.93 Our
data reveal the increase of the complement system C3 in the
OFC. The expression of C3 can promote and excessive
synaptic pruning by microglia engulfment constituting one of
the possible main mechanisms of gray matter loss in
schizophrenia patients. Based on our data analysis, we suggest
the activation of NF-kB as a possible pathway that links the
deregulation of glutamate, calcium, apoptosis, and the
activation of the immune system in schizophrenia patients.
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(60) Saijo, K.; Mecklenbraüker, I.; Santana, A.; Leitger, M.;
Schmedt, C.; Tarakhovsky, A. Protein Kinase C β Controls Nuclear
Factor KB Activation in B Cells Through Selective Regulation of the
IκB Kinase α. J. Exp. Med. 2002, 195 (12), 1647−1652.
(61) Kim, S. W.; Schifano, M.; Oleksyn, D.; Jordan, C. T.; Ryan, D.;
Insel, R.; Zhao, J.; Chen, L. Protein Kinase C-Associated Kinase
Regulates NF-KB Activation through Inducing IKK Activation. Int. J.
Oncol. 2014, 45 (4), 1707−1714.
(62) Roussos, P.; Katsel, P.; Davis, K. L.; Giakoumaki, S. G.; Siever,
L. J.; Bitsios, P.; Haroutunian, V. Convergent Findings for
Abnormalities of the NF-KB Signaling Pathway in Schizophrenia.
Neuropsychopharmacology 2013, 38 (3), 533−539.
(63) Volk, D. W.; Moroco, A. E.; Roman, K. M.; Edelson, J. R.;
Lewis, D. A. The Role of the Nuclear Factor-KB Transcriptional
Complex in Cortical Immune Activation in Schizophrenia. Biol.
Psychiatry 2019, 85 (1), 25−34.
(64) Ma, H.; Li, B.; Tsien, R. W. Distinct Roles of Multiple Isoforms
of CaMKII in Signaling to the Nucleus. Biochim. Biophys. Acta, Mol.
Cell Res. 2015, 1853 (9), 1953−1957.
(65) Coyle, J. T. MicroRNAs Suggest a New Mechanism for Altered
Brain Gene Expression in Schizophrenia. Proc. Natl. Acad. Sci. U. S. A.
2009, 106 (9), 2975−2976.
(66) Ma, H.; Groth, R. D.; Cohen, S. M.; Emery, J. F.; Li, B.; Hoedt,
E.; Zhang, G.; Neubert, T. A.; Tsien, R. W. ΓcaMKII Shuttles Ca 2+
/CaM to the Nucleus to Trigger CREB Phosphorylation and Gene
Expression. Cell 2014, 159 (2), 281−294.
(67) Cohen, S. M.; Suutari, B.; He, X.; Wang, Y.; Sanchez, S.; Tirko,
N. N.; Mandelberg, N. J.; Mullins, C.; Zhou, G.; Wang, S.; et al.
Calmodulin Shuttling Mediates Cytonuclear Signaling to Trigger
Experience-Dependent Transcription and Memory. Nat. Commun.
2018, 9 (1), 1−12.
(68) Saura, C. A.; Valero, J. The Role of CREB Signaling in
Alzheimer’s Disease and Other Cognitive Disorders. Rev. Neurosci.
2011, 22 (2), 153−169.
(69) Graham, J. M. Preparation of Crude Subcellular Fractions by
Differential Centrifugation. Sci. World J. 2002, 2, 1638−1642.
(70) Collins, T. J. Mitochondria Are Morphologically Heteroge-
neous within Cells. J. Exp. Biol. 2003, 206 (12), 1993−2000.
(71) Kuznetsov, A. V.; Troppmair, J.; Sucher, R.; Hermann, M.;
Saks, V.; Margreiter, R. Mitochondrial Subpopulations and Hetero-
geneity Revealed by Confocal Imaging: Possible Physiological Role?
Biochim. Biophys. Acta, Bioenerg. 2006, 1757 (5−6), 686−691.
(72) Brown, M. R.; Sullivan, P. G.; Geddes, J. W. Synaptic
Mitochondria Are More Susceptible to Ca2+ Overload than
Nonsynaptic Mitochondria. J. Biol. Chem. 2006, 281 (17), 11658−
11668.

Journal of Proteome Research Article

DOI: 10.1021/acs.jproteome.9b00398
J. Proteome Res. XXXX, XXX, XXX−XXX

L

http://dx.doi.org/10.1021/acs.jproteome.9b00398


(73) Kuznetsov, A. V.; Margreiter, R. Heterogeneity of Mitochon-
dria and Mitochondrial Function within Cells as Another Level of
Mitochondrial Complexity. Int. J. Mol. Sci. 2009, 10 (4), 1911−1929.
(74) Woods, D. C. Mitochondrial Heterogeneity: Evaluating
Mitochondrial Subpopulation Dynamics in Stem Cells. Stem Cells
Int. 2017, 2017, 7068567.
(75) Rollins, B. L.; Morgan, L.; Hjelm, B. E.; Sequeira, A.;
Schatzberg, A. F.; Barchas, J. D.; Lee, F. S.; Myers, R. M.; Watson, S.
J.; Akil, H.; et al. Mitochondrial Complex I Deficiency in
Schizophrenia and Bipolar Disorder and Medication Influence. Mol.
Neuropsychiatry 2018, 3 (3), 157−169.
(76) Holper, L.; Ben-Shachar, D.; Mann, J. Multivariate Meta-
Analyses of Mitochondrial Complex I and IV in Major Depressive
Disorder, Bipolar Disorder, Schizophrenia, Alzheimer Disease, and
Parkinson Disease. Neuropsychopharmacology 2019, 44 (5), 837−849.
(77) Akarsu, S.; Torun, D.; Bolu, A.; Erdem, M.; Kozan, S.; Ak, M.;
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