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ARTICLE INFO ABSTRACT

Keywords: Background: Major depressive disorder (MDD) is a pathophysiologically uncharacterized mental illness with
Major depressive disorder complex etiology and clinical manifestations. Rodent depression-like models have been widely used to mimic the
Naturally occurring depression morbid state of depression. However, research on emotional disorders can also benefit from the use of models in
Energy metabolism non-human primates, which share a wide range of genetic and social similarities with humans.

E;r?:rgolgus Methods: To investigate the pathophysiological mechanisms of depression, we established two models,

naturally occurring depression cynomolgus (NOD) and social plus visual isolation-induced depression cyno-
molgus (SVC), imitating chronic mild or acute intense stress, respectively. We used i-TRAQ (isobaric tags for
relative and absolute quantitation)-based quantitative proteomics and shotgun proteomics to identify differen-
tially expressed proteins in cerebrospinal fluid (CSF) of the two monkey models and human MDD patients. We
also used DAVID and ingenuity pathway analysis (IPA) for further bioinformatic investigation.

Results: In behavioral tests, NOD monkeys achieved higher scores in depression-like and anxiety-like beha-
vioral measures, and spent more time on ingesting, thermoregulatory, and locomotive actions than SVC mon-
keys. A total of 902 proteins were identified by i-TRAQ, and 40 differentially expressed proteins were identified
in each of the NOD-CON1 and SVC-CON2 groups. Application of DAVID revealed dysregulation of energy me-
tabolism in the NOD group, whereas lipid metabolism and inflammatory response pathways were significantly
altered in the SVC group. Use of IPA and Cytoscape showed that the oxygen species metabolic process glycolysis
I/gluconeogenesis I, accompanied by downregulation of tubulin beta 3 class III (TUBB3), RAC-alpha serine/
threonine-protein kinase (AKT1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was the most sig-
nificantly affected pathway in the NOD group. Furthermore, 152 differentially expressed proteins in human
MDD patients also revealed disruption of glucose energy metabolism. Significantly aberrant energy metabolism
in various brain regions and the plasma and liver of chronic unpredictable mild stress rodent samples were also
observed in a previous study.

Conclusions: Our results reveal for the first time the overall CSF protein profiles of two cynomolgus monkey
models of depression. We propose that chronic mild stress may affect the disruption of glucose energy meta-
bolism in NOD cynomolgus monkeys and rodents. These findings promote our understanding of the patho-
physiology of MDD and may help to identify novel therapeutic targets.
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1. Introduction

Major depressive disorder (MDD) is a mental disease mainly char-
acterized by hopelessness, anhedonia, and even suicide attempts, af-
fecting more than 300 million people worldwide according to the World
Health Organization (WHO). Recent studies have indicated that the
hypothalamic-pituitary-adrenal (HPA) axis and autonomic nervous
system (ANS) function, signaling, and synapse elimination and plasti-
city are altered in depression both in vitro and in vivo, but the under-
lying pathological mechanisms of MDD remain unclear (Gomez et al.,
2017; van Dammen et al., 2018; Voleti et al., 2012). Rodent depression-
like models (e.g., rats and mice) have been widely used to mimic the
morbid state of depression for the purpose of identifying therapeutic
targets (Cui et al., 2018; Loh et al., 2018). However, these models do
not accurately approximate the etiopathological development of de-
pression in humans that occurs naturally in a social context (Xu et al.,
2015).

In view of the above limitations of rodents, non-human primates
have been increasingly used in brain research (Fox et al., 2010). Pri-
matology research suggests that other primates can suffer from crip-
pling depression or anxiety, implying that these conditions may not be
unique to humans (Shively et al., 2002). Social stress-associated beha-
vioral depression in adult female cynomolgus macaques closely re-
sembles human depression in its behavioral, neurobiological, and
physiological characteristics (Shively, 2011). Carol A. Shively designed
the first experimental study screening for social subordination, which
showed that the stress of social subordination causes HPA and ovarian
dysfunction, supporting the hypothesis that chronic, low-intensity so-
cial stress may result in depression in susceptible individuals (Laber-
Laird and Anton, 1997). Social isolation has also been used to construct
cynomolgus macaque models of depression (Shively et al., 2005).
Nevertheless, there are only a few institutions that are allowed to
conduct primate research because of strict ethical requirements. We
previously reported that macaques exhibit naturally occurring depres-
sion similar to that in humans, and proposed a non-human primate
depression model in a realistic social ethological context that can better
approximate the psychosocial stressors underlying depression in hu-
mans (Li et al., 2013; Xu et al., 2015).

Analysis of cerebrospinal fluid (CSF), which contains proteins, sig-
naling peptides, small signaling molecules, metabolic enzymes, meta-
bolites, and other cellular products and is in direct contact with the
central nervous system (CNS), can provide insights into neurological
and psychiatric disorders (Brent et al., 2015; Reynolds et al., 2016;
Tsuchimine and Kunugi, 2018). Using isobaric tags for relative and
absolute quantitation (i-TRAQ) combined with liquid chromatography
(LC) and tandem mass spectrometry (MS/MS), it is possible to construct
data-driven systems biology models from high-throughput data sets,
thereby increasing the possibility of identifying less abundant proteins
in CSF. We previously performed i-TRAQ-based proteomic analysis of
plasma from MDD patients and brain or liver from depressed rodents
(Bai et al., 2018; Guo et al., 2018; Liu et al., 2018; Zeng et al., 2018).
Combined proteomic and metabolomic analysis provided strong evi-
dence that patients with mood disorders exhibit disruptions in energy
metabolism, lipid metabolism, and immunoregulation, which are as-
sociated with an increased risk for the development of pathogenesis.

In the present study, we applied i-TRAQ, followed by LTQ-Orbitrap
Velos mass spectrometry, shotgun protein identification, and bioinfor-
matic analysis, to determine changes in differentially expressed pro-
teins and elucidate the possible molecular pathways involved in major
depression in monkeys and humans. We investigated the behavior of
naturally occurring depression (NOD) cynomolgus and social plus vi-
sual isolation-induced depression cynomolgus (SVC) monkeys, and
analyzed their CSF proteomes [NOD vs. control (CON1); SVC vs. control
(CON2)] by i-TRAQ. We screened the differentially expressed proteins,
and determined the associated pathways and functions using DAVID,
ingenuity pathway analysis (IPA), and Cytoscape bioinformatic

60

Psychoneuroendocrinology 107 (2019) 59-69

analysis. We then compared the affected signaling and disease path-
ways among the groups, the results of which could aid in further ex-
ploration of the pathophysiology underlying CSF dysfunction in pri-
mate-based depression-like models.

2. Material and methods
2.1. Ethical considerations

The Ethics Committee of Chongqing Medical University reviewed
and approved the protocols of this study and the procedures employed
for sample collection and analysis. All subjects gave their written in-
formed consent after reading a detailed introduction to the study. All
procedures were performed in accordance with the Helsinki
Declaration.

All animal work was conducted in accordance with relevant na-
tional and international guidelines, such as the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 8023, revised 1978). This study was performed in strict
accordance with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the Institute of Neuroscience at
Chongqing Medical University (approval no. 20,100,031).

2.2. Subjects and samples

The cerebrospinal fluid (CSF) of 16 adult depression patients (MDD)
and 16 healthy adults (HC) was

collected at the Department of Psychiatry and the Medical
Examination Center of the First Affiliated Hospital of Chongging
Medical University, respectively. The inclusion criteria for the patients
were as follows: 1) Hamilton Depression Rating Scale (HAM-D) score
=30, before antidepressant therapy; 2) no comorbidity of schizo-
phrenia or neurological diseases and no significant abnormalities in the
results of clinical laboratory tests (blood and urine examinations, liver
function tests); 3) and age =18. All participants were interviewed with
the Structured Clinical Interview for DSM-IV. Lumbar puncture was
performed upon admission at the fourth lumbar intervertebral space
using an atraumatic needle with local anesthesia, with the subject in a
lateral position. A total of 1 ml of CSF was collected and subjected to
centrifugation for 15 min at 3000 x g; the liquid supernatant obtained
was then stored at —80 °C. All human CSF samples were mixed within
each group (i.e., MDD and HC).

The cynomolgus monkey feeding base at Zhongke Experimental
Animal Co., Ltd. (hereafter “Zhongke”), is located in Suzhou, China. All
subjects were obtained from Zhongke with the permission of SYXK (SU)
2002-0032. From the original population (n = 6012), 52 candidate
subjects were selected using a set of screening principles, and were
assigned to four groups: a NOD group containing 16 female adult
monkeys, with 16 female subjects in the corresponding healthy control
group (CON1); and an SVC group containing 10 female monkeys, with
10 female monkeys in the no isolation control group (CON2). After the
depression model procedures, 1 ml of CSF was collected from the
lumbar spine after the intramuscular injection of 1% ketamine (6 ml/
kg). After centrifugation for 15 min at 3000 X g, the liquid supernatants
of the samples were stored at —80 °C.

2.3. Methods

2.3.1. NOD procedure

In accordance with standard accepted indicators of depressive be-
havior [a huddled posture and decreased responsiveness to environ-
mental stimuli (Shively et al., 2005)], three trained observers identified
depressed subjects from among 6012 adult Macaca fascicularis after 2
weeks of behavioral observation. Sixteen female monkeys with the
highest levels of depression-like behaviors were classified into the NOD
group, while another 16 randomly selected healthy control female
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subjects (matched with the NOD animals for age) were assigned to the
CON1 group. These animals underwent a 4-month period of observa-
tion (from April to August 2011). There were seven observation periods
per day, each lasting 30 min. The daily observations were scheduled for
the following times: Al: 10:00-10:30, A2: 10:30-11:00, A3:
11:00-11:30, A4: 14:30-15:00, A5: 15:00-15:30, A6: 15:30-16:00, and
A7: 16:00-16:30, for which a Sony DCR-SR43 DV camera and focal
observation were used (Li et al., 2013). More than 3.5h of animal be-
havior was videotaped each day, for up to 120 observation days. Be-
havioral Frequencies and duration of behaviors were analyzed using
Noldus software (version 10.0; Noldus Information Technology, Lees-
burg, PA). For each behavior measured, the consistency of rating among
the three observers was determined to be > 85%.

2.3.2. SVC procedure

Twenty female macaques were randomly selected and blindly as-
signed to the SVC and CON2 groups. Prior to this study, the monkeys
were raised together in the feeding base. The 10 CON2 subjects re-
mained in the colony, while the 10 SVC subjects were transferred to
separate cages (0.6 X 0.7 X 0.8 m) in a common room. The adaptation
phase lasted for 14 d, following which the SVC monkeys were trans-
ferred to modified single cages (standard single cages with four blinds
around them, such that the monkeys could hear or smell but not see the
other monkeys). CON2 and SVC subjects, along with all other subjects,
had free access to water and food, and were kept under a 12/12-h light/
dark cycle (lights on 08:00-20:00). After 90 d of separation and con-
tinuous observation for 3 d, the animals in the SVC group were trans-
ferred back to the original colony.

2.3.3. Behavior definition

According to the “posture-location—action” rule, all behaviors were
classified into 53 behavioral types and 12 categories. In this study, the
behaviors were scored based on performance rate and time ratio (Xu
et al., 2012a).

2.3.4. Protein reduction, alkylation, and tryptic digestion

After the acquisition of behavioral data, the CSF of each group of
monkeys was pooled for the i-TRAQ (resulting in eight samples: NOD1
and NOD2, CON1-1 and CON1-2, SVC1 and SVC2, CON2-1 and CON2-
2). The samples were concentrated to 100l by freezing. Ice-cold
acetone was then added and the samples were precipitated overnight.
After centrifugation at 14,000 X g for 30 min, the precipitate was wa-
shed twice with 1 ml of pre-cooled acetone. The pellet was dissolved by
adding 100 pl of UA (8 M urea, 150 mM TrisHCL; pH 8.0) buffer. Protein
quantification was carried out by the Bradford method. Then, SDS-
PAGE electrophoresis was performed. A total of 300 ug of protein from
each group of samples was taken for enzymatic hydrolysis. DTT was
added to a final concentration of 100 mM, after which the samples were
boiled in water for 5 min and then cooled to room temperature. A total
of 200 pul of UA buffer was added and mixed, and the solution was
transferred to a 10kDa ultrafiltration centrifuge tube. After cen-
trifugation at 14,000 X g for 15 min, the filtrate was discarded; this step
was repeated twice. Then, 100 pl of IAA (50 mM IAA in UA) was added,
and the solution was shaken at 600 rpm for 1min, followed by in-
cubation in the dark at room temperature for 30 min, and centrifuga-
tion at 14,000 xg for 10 min. Next, 100 ul of UA buffer was added,
followed by centrifugation at 14,000 X g for 10 min; this step was re-
peated twice. A total of 40 pl of trypsin buffer (7 pg of trypsin in 40 pl of
dissolution buffer) was added and the solution was shaken at 600 rpm
for 1 min, followed by incubation at 37 °C for 16-18 h. The collection
tube was then replaced, the solution was centrifuged at 14,000 x g for
10 min, and the filtrate was collected. The peptide was then quantified
using ODogo (Wisniewski et al., 2009).

2.3.5. i-TRAQ labeling and SCX fractionation
A total of 100pug of each sample was removed and labeled in
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accordance with the instructions of the i-TRAQ Reagent-8plex
Multiplex Kit (AB SCIEX, Framingham,MASS USA). The labeling was
performed as follows: CON1-1 labeled as 113, CON2-2 labeled as 114,
NOD1 labeled as 115, NOD2 labeled as 116, SVC1 labeled as 117, SVC2
labeled as 118, CON2-1 labeled as 119, and CON2-2 labeled as 121
(with each group separated into two replicates). Each set of labeled
peptides was mixed and subjected to strong cation exchange (SCX) pre-
fractionation. Approximately 30 parts of the flowthrough and elution
fractions were collected, and 20 parts were combined according to the
SCX chromatogram. After lyophilization, the peptides were desalted
with a C18 cartridge (66872-U; Sigma, St. Louis, MO, USA) [instru-
ment: AKTA Purifier 100 (GE Healthcare, Chicago, IL, USA); column:
polysulfoethyl 4.6 x 100mm column (5um, 200A; PolyLC Inc.,
Columbia, MD, USA); buffers: Buffer A 10 mM KH,PO, pH 3.0, 25%
ACN, Buffer B 10 mM KH,PO,4 pH 3.0, 500 mM KCl, 25% CAN] (Unwin
et al., 2010).

2.3.6. HPLC-MS/MS

Each sample was separated by Easy nLC, a nanoliter flow rate HPLC
liquid phase system. The following buffers were used: Solution A was
0.1% aqueous formic acid solution, and Solution B was 0.1% aqueous
solution of formic acid in acetonitrile (84% acetonitrile). The column
was equilibrated with 95% Solution A. The sample was loaded onto a
Thermo Scientific EASY column (2 cm X 100 pym, 5 pm - C18) (Thermo
Fisher Scientific, Waltham, MA, USA) and separated by another such
column of a different size (75 um X 100 mm, 3 um - C18) at a flow rate
of 300 nl/min by an autosampler. The relevant liquid-phase gradient
was as follows: 0-50 min, Solution B linear gradient from 0% to 55%;
51-56 min, from 55% to 100%; and 56-60 min, maintenance at 100%.

Peptides separated by capillary HPLC were directly injected into a
Q-Exactive mass spectrometer (Thermo Fisher Scientific), with positive
ion mode and a selected mass range of 300-1800 mass/charge (m/z) for
60 min. First-order mass spectrometry parameters were as follows: re-
solution: 70,000 at m/z 200; AGC target: 3e6; first-level maximum IT:
10 ms; number of scan ranges: 1; and dynamic exclusion: 40.0s. The
mass-to-charge ratio of polypeptide fragments and polypeptides was
collected as follows: 10 fragments of MS2 scan (activation type: HCD,
isolation window: 2m/z) collected after each full scan. Then, the sec-
ondary mass spectrometry parameters were as follows: resolution:
17,500 at m/z 200; microscans: 1; and secondary maximum IT: 60 ms.
The normalized collision energy was 30 eV and the underfill ratio was
set as 0.1%.

2.4. Data analysis

The raw file was retrieved using Maxquant 1.3.0.5 software, after
which the library Mascot2.2 (version 2.2; Matrix Science, Boston, MA,
USA) and Proteome Discoverer 1.4 (Thermo Fisher Scientific, Waltham,
MA, USA) were used for library identification and quantitative analysis.
The database was downloaded from UniProt (1. uniprot_human.fasta,
including 133,549 sequences, downloaded on 3/3/2013; 2.
uniprot Macaca_ 101595_20150504, including 101,595 records,
downloaded on 5/4/2015) and the “decoy” option was used to calcu-
late the false discovery rate (FDR). The search parameters were set as
follows: enzyme, trypsin; de-isotopic: true; max. missed cleavages: 2;
fixed modifications: carbamidomethyl (C); variable modifications: oxi-
dation (M); first search ppm: 20 ppm; main search ppm: 6 ppm; data-
base pattern: reverse; min. reporter PIF: 0.75; peptide FDR < 0.01; and
protein FDR < 0.01.

The peptide peak intensity values were reported by Proteome
Discoverer 1.4 software. There were four sets of samples from cyno-
molgus monkeys, each consisting of two biological replicates. For
quantification, the average value of the eight tag labels was used as the
internal parameter, and the ratio of each tag label was the channel tag
to the internal parameter. Then, the significance index (p-value) was
calculated (Cox and Mann, 2008; Pi et al., 2015). Proteins filtered by
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applying the following thresholds were used for further analysis: p-
value < 0.05 and 1.2-fold change (> 1.20 or < 0.80).

2.5. Proteomic function and pathway analyses

Gene Ontology (GO) annotation terms of cell components were
determined from all identified proteins using the online tool DAVID
(http://david.abcc.nciferf.gov). The Kyoto Encyclopedia of Genes and
Genomes (KEGG; http://www.genome.jp/kegg/) was used for mole-
cular function annotation. For biological function analysis, a diagram
was plotted based on the proteins with the highest scores from both IPA
and PPI analyses, generated using the CluePedia plugin of Cytoscape
3.6.1. Signaling pathway annotations and relevant networks for sig-
nificantly differentially expressed proteins were generated using
Ingenuity Pathway Analysis software (IPA; QIAGEN, Redwood City, CA,
USA). IPA was introduced in 2003 and helps researchers to analyze
omics data and model biological systems. STRING (https://string-db.
org/) was used to describe the functional protein association networks.
The PPI network was also plotted using Cytoscape.

2.6. Statistical analysis

All results are expressed as mean * standard deviation (SD).
Monkey body weights were analyzed by repeated-measures ANOVA
with group as an independent factor and time as a repeated measure.
For the behavioral observations, Student’s t-test was used to analyze the
significance of differences among the groups. All data management and
statistical analyses were performed using Stata 22.0 (StataCrop LP,
College Station, TX, USA) (Zhang et al., 2016). Fisher’s exact test was
used in functional analysis and network generation. The threshold for
statistical significance in all analyses was set at p < 0.05.

3. Results
3.1. Characteristics of cynomolgus monkey groups

The characteristics of the depressed and nondepressed monkey
groups are presented in Table 1. In terms of age and body weight, there
were no differences between the SVC and CON2 groups [age
(p = 0.15), weight (p = 0.37)] or between the NOD and CON1 groups
[age (p = 0.42), weight (p = 0.17)].

3.2. NOD monkeys showed higher depression behavior scores than SVC
monkeys

Based on the principle of posture-location-environment, Xu pre-
viously validated and classified 53 behaviors into 12 categories
(Supplementary Table 1) to establish a behavioral spectrum of cyno-
molgus monkeys (Qin et al., 2016; Shively, 1998; Shively and Day,
2015; Shively et al., 2005). All behaviors in the study were sorted into
the following behavioral categories: amicable, anxiety, resting, conflict,
ingestion and drinking, thermoregulatory, rutting, locomotive, depres-
sion, and miscellaneous. The depressed subjects showed more anxiety,
conflict, and depression behaviors (Table 2). First, NOD monkeys ex-
hibited significantly higher scores for both the depression behaviors
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(i.e., “blinking,” “contracture,” “bowing”) and the anxiety behaviors
(i.e., “quickly itching,” “locomotive”) than the controls. Second, NOD
subjects spent more time on ingesting, thermoregulatory, and locomo-
tive behaviors than CON1, but not rutting. Here, ingestion refers to the
licking of food residue scattered on the floor. More amicable behaviors
were observed in the depression subjects than in the control monkeys,
while the opposite trend was seen for the conflict behaviors. Between
the SVC and CON2 groups, significant differences were observed in the
scores for the “depression,” “anxiety,” “amicable,” and “locomotive”
behaviors.

” « ”»

3.3. i-TRAQ-based quantitative proteomic analysis of the CSF of NOD and
SVC subjects vs. controls

Before the i-TRAQ-based quantitative proteomic analysis, SDS-
PAGE was performed to identify the protein was not degraded
(Supplementary Fig. 1). In total, in the NOD vs. CON1 and SVC vs.
CON2 comparisons, 5032 unique peptides (909 protein groups) were
identified and quantified. Each of the four sample groups (NOD group,
CON1 group, SVC group, CON2 group) had two technical duplicates
(Fig. 1 A). The average of the eight labels was defined as the internal
reference, and the ratio of each label was the ratio between the label
and the average.

The results showed that the distribution of the log2 (CON1-1/REF,
CON1-2/REF) ratio could be fitted to a Gaussian curve with an SD of
0.09 & 0.07 (n = 904), that of the log2 (NOD1/REF,NOD2/REF) ratio
could be fitted with an SD of 0.18 & 0.04 (n = 904), while the log2
(CON2-1/REF, CON2-2/REF) ratio could be fitted with an SD of 0.06 &
0.03 (n = 903); in addition, 902 proteins were quantified with an SD of
0.02/0.04 for the distribution of log2 (SVC1/REF, SVC2/REF) ratio
(Fig. 1B). Using a minimum of two peptides for protein identification, in
the NOD/CON1 chart, the expression levels of 40 proteins were
changed in NOD, with 16 proteins being upregulated and 24 being
downregulated. In the SVC/CON2 chart, 40 proteins changed expres-
sion, with 17 proteins being upregulated and 23 downregulated.
Comparing the NOD group with the SVC group, 36 proteins showed a
change of expression, with 23 proteins being upregulated and 13
downregulated. The results of cluster analysis for the differentially
expressed proteins showed that SVC stress significantly altered the ex-
pression of some proteins compared with the levels in the control group
and also the NOD group (Fig. 1C). The results of quantification of the
differentially expressed proteins are shown in Supplementary Table 2.

3.4. Bioinformatic analysis revealed differential pathology associated with
depression in NOD and SVC models

Next, the results of GO analysis for the proteins with altered ex-
pression in each group were submitted to a DAVID analysis, which
included biological process, molecular function, and cellular compo-
nent analyses. The results of GO analysis showed that glucose metabolic
process, generation of precursor metabolites and energy, ATP binding,
inflammatory response, immune response, extracellular region and
homeostatic process, cytosol, and ion binding were particularly pro-
minent in the NOD — CON1 group (Supplementary Fig. 2), SVC— CON2
group (Supplementary Fig. 2C), and NOD-SVC group (Supplementary

Table 1

The Group Data of Cynomolgus monkey.
Variable NOD CON1 P SvVC CON2 P
Macaques Subjects (n) 16 16 NA 10 10 NA
Age (yr) 12.20 + 0.74 11.65 + 1.90 0.42 12.20 + 0.66 11.65 + 1.90 0.15
weight (kg) 5.81 = 0.76 5.93 = 0.88 0.17 5.55 = 0.59 5.93 = 0.88 0.37
Offspring 0 4 NA 0 4 NA

* Data presented as means = S.D.’s. Student’s t-test was used to analyze significant differences.
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Table 2
Differential Behaviors in NOD Subjects and SVC Subjects.
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Behavioral Item

NOD(S)

CON1(S)

Amicable behavior
Anxiety behavior
Rest behavior
Conflict behavior
Ingestive behavior

Thermo-regulatory behavior

118.18 + 62.318
59.00 + 41.688
1108.4 + 56.896
33.29 + 25.521
163.71 + 45.154
110.88 + 57.924

44.69 + 25.520
9.50 = 12.749

1084.0 + 76.772
85.50 + 39.433
121.13 £ 66.652
64.13 + 14.881

Rutting behavior 2.76 = 1.855 5.06 = 1.482
Locomotive behavior 27.12 + 19.368 122.25 + 48.362
Depression behavior 21.35 * 21.272 0.88 = 1.025
Miscellaneous behavior 56.29 + 20.775 49.38 + 16.852

P-value SVC(S) CON2(S) P-value
.000%** 48.20 + 26.882 12.455 + 3.939 .025"
.000%** 18.20 + 15.992 3.10 + 5.174 .016"
.305 906.00 *+ 75.122 892.50 *+ 96.156 731
L0007 40.70 + 21.406 24.40 + 17.771 .080
039" 74.60 + 28.601 54.00 + 24.545 .101
.005%** 99.00 *+ 55.315 118.60 + 32.582 .347
.000% % 3.30 + 2.163 2.90 + 1.969 671
.000%** 117.30 + 40.045 63.90 + 25.649 .002%*
.001** 34.90 + 23.154 5.10 + 6.871 .001"",
.303 60.50 + 17.251 59.40 + 15.005 .881

Data listed as means + SDs. Student’s t-test was used to analyze significant differences.

*P <0.05, ** P<0.01, *** P<0.001.

A B

90 days ; Isolation

A

A %j"\ CSF Collection
l
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HPLC-MS/MS
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PROTEIN NUMBERS

LAON

ZAON
1-INOD
Z-IN0D

Fig. 1. Quantitative proteomic comparison of the cerebrospinal fluid (CSF) of naturally occurring depression (NOD) and social plus visual isolation-induced de-
pression (SVC) subjects using the i-TRAQ approach. (A) Workflow of model establishment. (B) Histograms of log2 ratio distributions of quantified proteins: NOD1/
REF, NOD2/REF (n = 904), CON1-1/REF, CON1-2/REF (n = 904), SVC1/REF, SVC2/REF (n = 902), and CON2-1/REF, CON2-2/REF (n = 903). (C) Hierarchical
clustering of the differentially expressed proteins. Clustering was based on the expression levels of proteins analyzed by feature selection.

Fig. 2E). KEGG analysis showed that the proteins with altered expres-
sion in the NOD-CON1 group were particularly associated with glucose
metabolism disorder (Fig. 2A), while the MAPK signaling pathway and
focal adhesion were highlighted in the SVC—CON2 group (Fig. 2B).
Using CluePedia for biological function analysis, the results showed
that the differentially expressed proteins in the NOD—CON1 group
were notably linked to the positive regulation of mitochondrial ATP
synthesis — COupled proton transport, carbohydrate catabolic process,
and hydrogen peroxide catabolic process (Supplementary Fig. 2B).

To uncover the functions of the differentially expressed proteins of
each group, we used IPA for further analysis. Canonical pathways were
examined first, with the top ten pathways shown. In the NOD group, the
highest scores were for glycolysis I and gluconeogenesis I, and the next
most affected pathways were calcium signaling, protein kinase A sig-
naling, and actin cytoskeleton signaling (Fig. 2C). As expected, different
pathways were identified for the SVC group, with the liver X receptor/
retinoid X receptor (LXR/RXR) pathway and farnesoid X receptor/re-
tinoid X receptor (FXR/RXR) pathways being most significantly
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affected (Fig. 2D). IPA was used to rank the differentially expressed
proteins by the significance of their association, grouping the proteins
into three categories: diseases and disorders, molecular and cellular
functions, and physiological system development and function. In the
category of diseases and disorders (Fig. 2E), hematological disease was
the top-ranking function of NOD — CON1, while inflammatory response
was for SVC—CON2. Other pertinent diseases such as neurological
diseases, psychological disorders, and metabolic diseases were included
in both groups. Significant changes in the expression level of compo-
nents in these pathways and systems might lead to bio-functional
changes and disease development. In the category of molecular and
cellular functions (Fig. 2F), cellular assembly and organization, and
cellular movement were the top-ranked in the NOD group, while pro-
tein synthesis and lipid metabolism were in the SVC group. One sig-
nificantly disturbed network in the NOD — CON1 group was that related
to carbohydrate metabolism, cellular assembly and organization, and
cellular movement, which had a score of 62 (Fig. 2G) and had 21
dysregulated proteins (all downregulated). The highest scoring network
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Fig. 2. Bioinformatic and network analysis for the differentially expressed proteins in the CSF of NOD and SVC subjects vs. controls by DAVID and IPA. (A) and (B)
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vs. CON1, (H) SVC vs. CON2.

(with a score of 50) in SVC—CON2 was that involving response to
protein synthesis, cardiovascular disease, and hematological disease
(Fig. 2H).

The results of GO analyses (Supplementary Fig. 2E) and KEGG
analyses for the proteins with altered expression between NOD and SVC
depressed monkeys were also subjected to a DAVID analysis.
Relationships with the LXR/RXR pathway, FXR/RXR pathway, IL-12
signaling, and production of nitric oxide and reactive oxygen species in
macrophages were detected (Fig. 3A). Next, the protein—protein inter-
action (PPI) networks were analyzed using STRING (Supplementary
Fig. 2F). CluePedia for biological function analysis of proteins from PPI
networks showed clustering in association with the positive regulation
of hydrogen peroxide catabolic process, metabolic processes, and
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negative regulation of lipid catabolic process in the comparison of NOD
vs. SVC (Fig. 3B). These results also conversely showed a large differ-
ence between NOD and SVC.

The differences in the results observed for the NOD — CON1 group
and the SVC — CON2 group indicate that distinct biological mechanisms
might underlie naturally occurring depression and SVC-induced de-
pression. For example, negative regulation of glucose energy metabo-
lism was found to be important in the NOD subjects, while lipid me-
tabolism was the top-ranking affected process in the SVC subjects.
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Fig. 3. Bioinformatic analysis of the differentially expressed proteins identified in CSF of NOD vs. SVC and depressed patients. (A) Pathway analysis of 36 sig-
nificantly differentially expressed proteins of NOD vs. SVC by IPA. (B) Biological process of NOD vs. SVC was generated by Cytoscape. (C) Overlap of the proteins
identified in NOD vs. CON1, SVC vs. CON2, and NOD vs. SVC; four common proteins are presented. (D) Expression of the four proteins in each group (NOD, CON1,
SVC, and CON2). (E) Protein functional clustering of cerebrospinal fluid (CSF) from human major depressive disorder (MDD) patients. (F) A total of 152 identified
differentially expressed proteins and their most strongly related canonical pathways.

3.5. Comparison of NOD and SVC indicated some similarities between the analyzed. The abundances between the groups were compared using
two models of depression pairwise Mann-Whitney tests (*p < 0.05, **p < 0.01, ***p < 0.001;
Fig. 3D).

We found that there were four common dysregulated proteins
among all three groups (NOD—-CON1, SVC—CON2, NOD-SVC)
(Fig. 3C). The results of quantification of the differentially expressed
proteins are shown in Supplementary Table 3. The abundances of the
four proteins in multivariate analysis for the three groups were

3.6. Proteomic analysis of human CSF revealed that energy metabolism
disturbance is involved in depression

We employed shotgun proteomics on the CSF collected from 16
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MDD patients as a control before exposure to antidepressants and
health examiner (demographic and clinical characteristics of the par-
ticipants are shown in Supplementary Table 4). Patients with depres-
sion did not differ from the healthy controls in terms of age and gender
ratio. SDS-PAGE was performed before proteomic analysis
(Supplementary Fig. 1B). A total of 437 proteins were identified, of
which 152 were differentially expressed between MDD and HC (shown
in Supplementary Table 5). Classification of these 152 differentially
expressed proteins by GO analysis indicated that they were particularly
associated with inflammatory response, nervous system development,
and regulation of protein metabolic processes (Fig. 3E). Furthermore,
IPA classical signaling pathway analysis showed high scores for the RXR
(retinoid X receptor) pathway and acute-phase response signaling.
Surprisingly, it also showed significant correlation with glycolysis I and
gluconeogenesis I (Fig. 3F).

3.7. Proteomic studies in rodents after CUMS revealed significant disorders
of energy metabolism

Previously, we conducted i-TRAQ proteomic studies on brain re-
gions and tissues of CUMS depression rodents (Cheng et al., 2016; Li
etal., 2018, 2017; Rao et al., 2016; Shao et al., 2015; Yang et al., 2013).
We identified disordered energy metabolism in the olfactory bulb,
prefrontal cortex, cerebellum, hypothalamus, plasma, and liver of ro-
dents (Fig. 4). Specific details and information on the identified mole-
cular changes can be found in Supplementary Table 6.

Psychoneuroendocrinology 107 (2019) 59-69

4. Discussion

To our knowledge, this is the first study to investigate CSF pro-
teomics of both naturally occurring depression and social plus visual
isolation-induced depression in cynomolgus monkeys by i-TRAQ and a
combined analysis with CSF data from human MDD patients. Our
findings demonstrate significant diversification of energy metabolism in
NOD and MDD patients. Early perturbation of lipid metabolism may be
involved in the pathophysiology of MDD (Xu et al., 2012b), and was
also found to play a role in SVC Macaca fascicularis and MDD patients in
our study.

4.1. Adult female cynomolgus monkeys as NOD and SVC models used for
in-depth research

We used cynomolgus monkeys (Macaca fascicularis) to describe and
model a naturally occurring depressive state in a non-human primate
species. The depressive state arose in a natural colony-based social
environment, where social hierarchy produces stress-inducing social
competition, with no experimental manipulation to disturb the etiolo-
gical process. Moreover, to construct a social and visual isolation-in-
duced depressed model, the monkeys were exposed to intense mental
and psychological stimulation in a relatively short period of time (Li
et al., 2013).

Both NOD model and SVC model monkeys exhibited depressive and
anxiety-like behaviors. However, NOD model subjects showed less
conflict behaviors (e.g., conflict avoidance, being scared, elude).
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Fig. 4. Overview of disturbances of energy metabolism in depressed patients, rodents, and NOD/SVC cynomolgus monkeys.
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Meanwhile, their amicable, rutting, and locomotive behaviors were
significantly increased, while their ingestive behavior and thermo-
regulatory behavior increased slightly. There were no significant dif-
ferences in these behaviors in the SVC model monkeys. These findings
may be related to low social status in the group and low mood state
(Shively, 1998). MDD patients show increased anxiety, shortage sexual
behaviors. Low levels of motivation and low self-awareness are the
main features of MDD patients (Kelly et al., 2012). The behavior of NOD
model subjects more closely resembled that of human patients with
chronic mild stress-induced depression. In the SVC model, depression
and anxiety behaviors were most commonly observed. The SVC model
effectively mimicked depressive behavior under severe but short-term
social isolation stress.

The NOD and SVC models may reveal divergent pathways behind
the induction of depression, which means that both NOD and SVC
monkey models could play different but useful roles in the future study
of emotion disorders.

4.2. Energy metabolism

In proteomic analysis of cerebrospinal fluid in human MDD, the
differential expression of proteins involved in glycolysis I and gluco-
neogenesis I was identified. This is consistent with previous studies,
which showed that, in a rodent model of chronic mild stress, energy
metabolism disorders occurred in most brain regions and plasma and
liver tissue (Cheng et al., 2016; Li et al., 2018, 2017; Rao et al., 2016;
Shao et al., 2015; Yang et al., 2013). The energy metabolic pathways
involved were glycolysis/gluconeogenesis, the tricarboxylic acid (TCA)
cycle, and oxidative phosphorylation. The levels of related molecules
such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pyr-
uvate kinase (PK), and lactate dehydrogenase (LDH) changed in the
prefrontal cortex or cerebellum in response to the downregulation of
glucose metabolism. Together with the up- or downregulation of di-
verse enzymes of the mitochondrial respiratory chain, it has also been
suggested that ATP biosynthesis is disordered in MDD. Increased levels
of enzymes involved in glycolysis and the TCA cycle further highlight
perturbations of energy metabolism as one of the pathophysiological
symptoms of depression.

In the current study, a number of proteins involved in glycolysis/
gluconeogenesis were significantly downregulated in depressed sub-
jects compared with the levels in controls, including triosephosphate
isomerase 1 (TPI1), adenylate kinase 1 (AK1), aldolase, fructose-bi-
sphosphate A (ALDOA), G3PDH, and LDH (Fig. 2G). TPI1 is an enzyme
consisting of two identical proteins, which catalyzes the isomerization
of G3PDH and dihydroxyacetone phosphate (DHAP) in glycolysis and
gluconeogenesis. AK1 is an adenylate kinase enzyme involved in energy
metabolism and homeostasis of cellular adenine nucleotide ratios in
different intracellular compartments. Alteration of G3PDH was pre-
viously identified in the hippocampus and prefrontal cortex of depres-
sion rat models and upon treatment with antidepressants (Carboni
et al., 2006; Kedracka-Krok et al., 2010; Mallei et al., 2011; Marais
et al., 2009; Piubelli et al., 2011). Moreover, alteration of LDH was
previously identified in the cerebellum of depression rat models (Shao
et al., 2015). The activities of several key enzymes related to glucose
metabolism were found to be reduced, leading to severe oxidative
metabolic disorders, adenosine triphosphate reduction, and oxidative
stress. Furthermore, a ternary protein complex comprising G3PDH,
seven in absentia homolog 1, and Ras homolog, enriched in the brain
and driven by nitric oxide, might be the molecular cascade responsible
for the antidepressant-like effect of ketamine (Harraz and Snyder,
2017).

Some proteins related to ATP regulation or translation enzymes
were found when we analyzed the proteins differentially expressed
between NOD and controls, including ATP synthase subunit alpha
(ATP5F1A), myosin light chain 1 (MYL1), and myosin light chain 6
(MYL6) (Fig. 2G and Supplementary Table 2). Recently, ATP has been
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found to be a key modulator of depressive-like behavior in adult mice,
and bioenergetic dysfunction was also reported as a factor contributing
to mental illnesses (Cao et al., 2013). Moreover, neuroimaging studies
also revealed alterations in biomarkers for energy metabolism; speci-
fically, reduced ATP availability and reductions in glucose metabolism
were observed in the brains of MDD patients (Baxter et al., 1989;
losifescu and Renshaw, 2003). Downregulation of these proteins may
reduce energy metabolism by downregulating glucose transport,
thereby increasing the susceptibility to depression.

4.3. Inflammatory reaction and lipid metabolism

In the bioinformatic analysis of proteins associated with SVC de-
pression, these were shown to be involved in the MAPK pathway, with
23 dysregulated proteins being involved in inflammatory responses.
Interestingly, IL12 signaling and acute-phase response signaling stood
out as high-scoring canonical pathways in the MDD proteomic analysis
(Fig. 3F). Consistent with our findings, inflammation has been shown to
be involved in the pathophysiology and treatment response of major
depressive disorder (MDD). A study has also shown a broad effect of
depression on the immune system, with MDD patients exhibiting ele-
vated levels of six pro-inflammatory cytokines: IL-12, TNF, IL-6, IFNy,
IL-9, and IL-17A (Syed et al., 2018).

The results of the current study, together with the changes of
CYP2A4 and SULT2A1 in the liver of CUMS rodent models (Wu et al.,
2016), provide strong evidence for the effects of lipid metabolism on
the pathogenesis of depression. IPA analysis of SVC model monkeys
showed that “LXR/RXR activation,” a key pathway of lipid metabolism,
was the best matched pathway in the CSF of subjects with SVC de-
pression. Previous proteomic analyses of CSF from MDD patients found
similar results. Overall, lipid metabolism may thus play a latent role in
depression.

4.4. Potential biomarkers

Bioinformatic/proteomic analysis revealed four common differen-
tially expressed proteins in CSF between the two primate depression-
like models: PGA, POSTN, G7PY46, and CEACAMS. The same trends of
change of G7PY46 and CEACAMS5 were found in both NOD — CON1 and
SVC—CON2.

Carcinoembryonic antigen (CEA) is known to accompany signs of
immune-inflammatory responses in bipolar disorder (BD) and medical
disorders [Bulut, 2019 #1287][Bulut, 2019 #1287](Bulut et al., 2019).
CEACAMS is not only involved in cell adhesion, intracellular signaling,
and tumor progression, but has also been found to be a receptor for
Escherichia coli, which has a major effect on neuropsychiatric diseases
(Korotkova et al., 2008; Oikawa et al., 1989). Regarding G7PY46, this
exerts growth factor activity, but has not been well characterized. In
this case of PGA, this encodes Pepsin A-1, which is upregulated in
NOD—-CON1 (FC=1.64) but downregulated in SVC—CON2
(FC = 0.47). Pepsin A-1 plays an important role in aspartyl protease,
hydrolase, and protease activities, suggesting that the TCA cycle might
be affected by it. Conversely, POSTN encodes Periostin, which was
upregulated in SVC—CON2 (FC = 1.34) but downregulated in
NOD —CON1 (FC = 0.46). Periostin is a matricellular protein that has
been implicated in many diseases, and was recently reported as a bio-
marker of type 2 inflammation (Izuhara et al., 2016). Identification of
the inverse changes of PGA and POSTN might not only be suitable for
depression classification and diagnosis, but also meaningful for distin-
guishing NOD models from SVC ones.

Although CSF is used for clinical diagnosis, this approach can be
invasive and inaccurate; novel biomarkers could be very useful in di-
agnosing MDD, which currently still relies on subjective evaluation and
clinical examinations (Hacimusalar and Esel, 2018; Lo and Huang,
2018; Woods et al., 2014). Given the difference of sensitivity to various
drugs in patients with MDD, CSF-based biomarkers might be useful for
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diagnosis and treatment, and provide meaningful evidence and medi-
cation guidance, following further research.

4.5. Differential pathways to depression

In this study, we primarily provided overall CSF protein profiles of
two cynomolgus monkey models of depression and compared them
with each other. Following bioinformatic analysis, inflammatory re-
sponse, energy metabolism, lipid metabolism dysregulation, MAPK
signaling pathway, and RXR activation were identified as differing
significantly between them. The present proteomic analysis of CSF from
MDD patients also showed perturbed energy metabolism, specifically in
glycolysis/gluconeogenesis and lipid metabolism. Comparison of the
CSF proteins of human MDD patients with those of NOD model mon-
keys demonstrated the similarities in glycolysis/gluconeogenesis dys-
regulation in these two species. The NOD model might thus be uniquely
suited to research on the involvement of energy metabolism in the
pathogenesis of MDD. Meanwhile, the strong consistency of alterations
in the inflammatory process and lipid metabolism between the SVC
model and MDD patients also warrants further investigation, to obtain a
better understanding of MDD’s pathophysiology and to identify novel
therapeutic targets.

There are many different pathways to depression in humans. We
hypothesize that, under mild and chronic stimulation, the pathway to
depression might occur via disordered glucose metabolism; in contrast,
under rapid and strong stress stimulation and social isolation, it could
mainly involve disruption of lipid metabolism and immune inflamma-
tion.

The differences and similarities of i-TRAQ proteomics in CSF be-
tween NOD and SVC models provide new evidence for the correlation
between depression and energy metabolism, and provide better models
for the future study of mechanisms of depression and for guiding clin-
ical drug application and treatment.

4.6. Limitations

There are some limitations to this study, as follows: (1) Not all
differentially expressed proteins could be classified in the analyses with
DAVID, IPA, and Cytoscape because of limitations of the protein data-
bank of Macaca fascicularis. (2) In addition, the total number of in-
cluded subjects was small, so the results may not be generalizable.
Additional studies are needed to overcome these issues, and to clarify
the dysregulated proteins’ specific roles in mediating pathways and
signaling cascades. (3) Furthermore, no biological duplication was
performed, although this is required to reinforce our results. (4) Finally,
the heterogeneity of two models both genetically and physiologically
could also not be controlled. The effects of genetic factors on promoting
depression were not considered.
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