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ARTICLE INFO ABSTRACT

Keywords: Aims: To clarify the role of the gut-brain axis in depression.

Depression Main methods: We used the iTRAQ technique to identify differential proteins in the intestine of the rat model of
Intestine chronic unpredictable mild stress (CUMS)-induced depression. Significant differential proteins were subjected to

SNARE
Immunoregulation
Amino acid

G P examined by ELISA. HPLC-UV was used to detect the levels of amino acids.
ut-brain axis

Gene Ontology (GO) functional annotations and KEGG pathway enrichment analysis. Key proteins were vali-
dated at the mRNA and protein levels. The levels of cytokines in the intestine, serum and hypothalamus were

Key findings: In the rat intestine, 349 differential proteins (209 downregulated, 140 upregulated) were identi-
fied. GO analysis indicated that “protein complex assembly” was the first-ranked biological process. SNARE
complex components, including SNAP23, VAMP3 and VAMPS, were increased at the mRNA levels, while only
VAMP3 and VAMP8 were also upregulated at the protein level. TNFa, IL6 and IL13 were upregulated in the
CUMS rat intestine, while TNFa was decreased in the serum and hypothalamus. IL13 was decreased in the
serum. “Protein digestion and absorption” was the most significantly enriched KEGG pathway, involving 5
differential proteins: SLC9A3, ANPEP, LAT1, ASCT2 and B°AT1. Glutamine, glycine and aspartic acid were

perturbed in the CUMS rat intestine.

Significance: Our findings suggest that CUMS enhances the adaptive immune response in the intestine through
ER-phagosome pathway mediated by SNARE complex and disturb absorption of amino acids. It advances our
understanding of the role of gut-brain axis in depression and provides a potential therapeutic target for the

disease.
1. Introduction Numerous studies have investigated the mechanisms of depression
[4-7]; however, the pathogenesis of the disorder remains unclear.
Major depressive disorder (MDD) is an increasingly prevalent Accumulating evidence suggests that “the gut-brain axis, a concept
mental disorder that severely impacts the quality of life of patients and that” highlights the bidirectional communication between the intestinal
impacts a huge economic burden on individuals and society [1-3]. microbiota and CNS, plays a critical role in neuropsychiatric disorders
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[8-11]. Clinical studies have demonstrated disturbances in the gut
microbiotic composition in depressive patients, similar to those ob-
served in rodent models of depression [12-15]. In our previous study,
we pioneered the fecal transplantation model of depression by trans-
ferring the feces of MDD patients to germ-free mice to introduce de-
pressive-like behaviors in the animals [16]. These preliminary findings
suggest that there is a causal connection between alterations in the gut
microbiota and depression.

The intestine is colonized by a large diversity of microorganisms
[17]. The intestinal mucosal layer, as the first line of host defense,
normally forms an effective barrier to limit interactions between mi-
crobiota, microbial toxins, pathogenic antigens and the lamina propria
[18,19]. This barrier is composed of simple columnar cells held to-
gether by tight junctions, restricting the movement of substances across
the epithelial cell layers [19]. However, stress can induce activation of
the hypothalamic-pituitary-adrenal (HPA) axis and sympathetic ner-
vous system (SNS) signaling, thereby weakening tight junctions and
perturbing intestinal permeability [20]. The ensuing translocation of
luminal microbial antigens can trigger a local immune response, which
may in turn activate Myosin Light Chain Kinase (MLCK), resulting in
systemic inflammation [20]. Indeed, a clinical study of adolescent de-
pression suggests that intestinal permeability might be associated with
the severity of neurovegetative symptoms, likely via the innate immune
system [21]. Thus, the gut-brain axis may play a key pathogenetic role
in depression.

The chronic unpredictable mild stress (CUMS) paradigm is the most
widely used rodent model of depression [22,23], and it emphasizes the
role of stress in the etiology of depression. Isobaric tags for relative and
absolute quantification (iTRAQ) is an advanced technique used for re-
latively protein quantitative analysis, with features of high accuracy,
sensitivity and reproducibility [23,24]. Therefore, in this study, we
used iTRAQ to identify the changes in protein profiles in the intestine of
the CUMS rat model of depression., We followed this with RT-qPCR,
western blotting, ELISA and HPLC for validation, in an effort to provide
insight into the intestinal functional alterations and changes in the gut-
microbiota system in depression. Our study represents a new approach
for understanding the pathogenesis of depression and provides insight
into the role of the gut-brain axis in the disease.

2. Materials and methods
2.1. Experimental design

The present study was conducted to detect intestinal proteins that
might contribute to depression-like behaviors to clarify the pathogen-
esis of depression. Differential proteins in the CUMS intestine were
identified by iTRAQ and analyzed by DAVID and KEGG, to elucidate
protein functions and signaling pathways. Based on the bioinformatics
analysis, we focused on the top 1 biological process of “protein complex
assembly” and selected proteins in this biological process for further
analysis and validation. At the transcript and protein levels, SNAP23,
VAMP3 and VAMPS, components of the SNARE complex, were vali-
dated as substantially altered. Because the SNARE complex participates
in the antigen presenting process in the immune response, we per-
formed ELISA to detect changes in the levels of cytokines in the intes-
tine, serum and hypothalamus, which may reflect interactions within
the gut-blood-brain axis. Based on KEGG pathway analysis, “protein
absorption” was top-ranking. Therefore, using the HPLC-UV method,
we examined the levels of amino acids. The experimental design is
presented as a flowchart (Fig. 1).

2.2. Animals and ethics statement
Male Sprague-Dawley rats, weighing 180-240 g and 8-10 weeks of

age, were purchased from the Laboratory Animal Center of Chongqing
Medical University. All animals were individually housed under
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Fig. 1. Flow chart of the experimental design.

standard conditions with a 12-h light/dark cycle (lights on at 7:30 am),
temperature of 22 * 1 °C, humidity of 52 * 2%, and with free access
to food and water (except for experimental animals subjected to food
and water deprivation stressors in the CUMS procedure). This study was
approved by the Ethics Committee of Chongqing Medical University,
and all animal handling and treatment procedures were in accordance
with the National Institutes of Health Guidelines for Animal Research
(Guide for the Care and Use of Laboratory Animals, NIH Publication No.
8023, revised 1996). Special care was taken to minimize the number
and suffering of animals.

2.3. CUMS procedure

The CUMS procedure was conducted according to our previous
study [25] with minor modification. After 1 week of adaptation, all
animals were randomly assigned to the CUMS experimental group
(CUMS, n = 20) or the non-stress control group (CON, n = 20), and
were matched for body weight and sucrose preference. Rats in the
CUMS group were subjected to 4 weeks of chronic unpredictable mild
stress, as shown in Fig. 2A. Each rat in the CUMS group received 1 or 2
stressors per day, but the same stressor was not applied for 2 con-
secutive days (Supplementary Table S1). At the end of the CUMS
period, the rats were deprived of food and water for 24 h (deemed the
final stressor in the CUMS group) prior to behavioral testing. Rats in the
control group were not disturbed during the 4-week period, with ad
libitum access to food and water, and they were isolated from the
stressed animals, to avoid any acoustic or olfactory communication
between the groups.

2.4. Behavioral tests

2.4.1. Sucrose preference test (SPT) and body weight

The SPT was used to assess anhedonia, an index of depressive-like
behavior [25]. Seventy-two hours before the first round of SPT, all rats
were trained as follows: two bottles of 1% sucrose solution were placed
in the cage, and then, 24 h later, one was replaced with a bottle of tap
water. In the last 24-h period, rats were deprived of food and water.
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Fig. 2. CUMS induces depressive- and anxiety-like behaviors in rats. (A) Diagram of the CUMS procedure. After one week of adaptation, body weight was measured
and the sucrose preference test was performed, as baseline indices. Subsequently, rats in the CUMS group were subjected to four weeks of CUMS exposure. All rats
were sacrificed after 3 days of behavioral tests (BW, SPT, OFT, FST). (B) BW: No significant difference at baseline (day 7), but a marked reduction from the second
week (day 21) until the end of the CUMS procedure was observed. (C) SPT: No difference at baseline, but a reduction after stress was observed. (D-F) OFT: No
difference was observed in total distance travelled in the OFT (D), but a significant decrease was observed in central distance (E). Furthermore, a remarkable decrease
was also observed in the ratio of the central distance to total distance (F). (G) FST: Rats in the CUMS group showed significantly increased immobility time. All data

are presented as mean *= SEM (n = 20 in the control group; n = 20 in the CUMS group). Student's t-test; *p < 0.05, **p < 0.01, ns = no significance. CON, rats in

the control group; CUMS, rats in the CUMS group.

After adaptation, a bottle containing 1% sucrose solution and another
containing pure water were randomly placed on the left or right side of
the cage to eliminate side preference. The 24-h consumptions of 1%
sucrose solution and pure water were assessed. Sucrose preference was
defined as [sucrose intake / (sucrose intake + water intake)]. The SPT
was performed immediately before and after the CUMS procedure.
Body weight was measured weekly.

2.4.2. Open field test (OFT)

The OFT was conducted as previously described [26]. Briefly, rats
were individually placed in the center of a black box
(100 cm X 100 cm X 40 cm box) with the head towards the same di-
rection. After a 30-s latency, locomotor activity and movements in the
central zone over a 5-min period were measured. The box was cleaned
with alcohol between tests to remove olfactory cues.

2.4.3. Forced swimming test (FST)

The FST was used to assess depressive-like behavior [16]. In the FST
procedure, rats were placed individually in a Plexiglas cylinder (50 cm
in height x 20 cm in diameter) filled with water (24 = 1 °C) to a depth
of 30 cm. Total immobility time in a 5-min period was calculated. The

water was completely replaced after each test. All behavioral tests (OFT
and FST) were analyzed by SMART 2.5 software (Panlab SL, Barcelona,
Spain).

2.5. Sample collection

After the behavioral tests were completed, rats were anesthetized.
Blood was collected via cardiac puncture under deep anesthesia and
then centrifuged to isolate serum. After that, rats were sacrificed by
dislocation of the cervical vertebrae. Hypothalamic tissues were then
harvested from the brain. A 5-cm segment of the distal intestine (1 cm
from the cecum) was removed, and the contents were cleared. All
samples were rapidly frozen with liquid nitrogen and stored at —80 °C
until assay.

2.6. iTRAQ of CUMS intestinal samples

2.6.1. Protein preparation and iTRAQ sample labeling

The iTRAQ procedure was performed as in our previous study
[22,24]. Frozen CUMS intestine samples (n = 10/10, random samples)
were dissolved in SDT buffer, dissociated by sonication, incubated in
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Table 1
Primer pairs for RT-qPCR in rat intestine.

Gene Forward primer (from 5’ to 3") Reverse primer (from 5’ to 3%)
Pf4 ATCCATCTCAAACGCATCACC TACAGAGGTACTTGCCGGTCCA
Pex14 AAGGCTACCACATCAACCAAC CTCCGATTCAGAAGAAGTCCT
Snap23 TCTGCGTCTGCCCTTGTAAT TGTTATCCGGCTTGGTTGCT
Vamp3 CTGCAAGATGTGGGCGATAGG CCGTCAGGCTTCATTTCCTCT
Vamp8 AAGCCACGTCTGAACACTTC TGCCCGTAGCAAAGAGTATGA
Slc2al ACAGAACGTCCATTCTCCGT ACTCCTCAATTACCTTCTGGGG
B-actin CCCGCGAGTACAACCTTCTT CCATCACACCCTGGTGCCTA

Pf4, platelet factor 4; Pex14, peroxisomal membrane protein PEX14; Snap23,
synaptosomal-associated protein; Vamp3, vesicle-associated membrane protein
3; Vamp8, vesicle-associated membrane protein 8; Slc2al, solute carrier family
2, facilitated glucose transporter member 1.

boiling water, and centrifuged to obtain supernatants. Proteins were
quantified with the BCA assay, and then, supernatants collected from
three or four rats were pooled as one biological sample to eliminate
individual differences, resulting in three biological replicates in each
group. Pooled samples were digested into peptides with trypsin, and
then labeled using the iTRAQ Reagent-8plex Multiplex Kit (AB SCIEX,
Framingham, USA) according to the manufacturer's protocol.

2.6.2. Strong cation exchange chromatography (SCX) fractionation

Labeled peptides were combined into one sample mixture and then
fractionated using AKTA  Purifier 100 (GE Healthcare,
Buckinghamshire, UK). The sample mixtures were purified using a
Polysulfoethyl 4.6 x 100mm column (5pm, 200A) (PolyLC Inc.,
Maryland, USA) using linear gradient elution at a flow rate of 1 mL/
min. The absorbance at 214nm was monitored during the elution
process, and the eluates were collected every 1min. A total of 30
fractions were collected and combined into 15 pools, followed by de-
salination on C18 cartridges (66872-U, Sigma, USA).

2.6.3. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis

The desalted peptides were separated on a Thermo EASY nLC
system (Thermo Fisher Scientific, Waltham, MA, USA). Samples were
trapped on a nanoViper C18 column (Thermo Scientific Acclaim
PepMap100, 100 um X 2cm) and separated on an analytical column
(Thermo Scientific EASY column, 10 cm, ID 75 pm, 3 um, C18-A2) using
linear gradient elution with a flow rate of 300 nL/min. For peptide
detection, a Q Exactive mass spectrometer (Thermo Fisher Scientific)
was operated in the positive ion full scan mode, and one MS scan with a
range of 300-1800 (m/z) and a resolution of 70,000 at m/z 200 was
obtained. The top 10 most abundant precursor ions were selected for
MS2 fragmentation by higher-energy collision dissociation (HCD). MS2
scans were acquired with a resolution of 17,500 at m/z 200 and an
isolation window of m/z 2. The maximum ion inject time (IT) for the
full MS scan and the MS2 scans were 10 ms and 60 ms, respectively. The
automatic gain control (AGC) target values for both were set to
3 x 10

2.6.4. iTRAQ protein identification and quantification

MS/MS spectra were searched using MASCOT 2.2 (Matrix Science,
London, UK) embedded into Proteome Discoverer 1.4 (Thermo Fisher
Scientific) against the Uniprot rat database
(Uniprot_Rat_35947_20160706.fasta, downloaded from http://www.
uniprot.org). For protein identification, the Mascot search parameters
were set as follows: Enzyme: Trypsin; Peptide mass tolerance: 20 ppm;
Fragment mass tolerance: 0.1 Da; Max missed cleavages: 2; Fixed
modifications: Carbamidomethyl (C), iTRAQ8plex (K), iTRAQ8plex (N-
term); Variable modifications: Oxidation (M), iTRAQ8plex (Y); Peptide
false discovery rate (FDR) < 0.01. For protein quantification, the pro-
tein ratios were calculated as the median of only unique peptides of the
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protein. All peptide ratios were normalized to the median protein ratio.
The median protein ratio should be 1 after normalization.

2.7. Bioinformatics analysis

Proteins with a greater than + 1.2-fold change, with a P-value <
0.05, were considered differentially expressed and were studied further
[22]. All significant proteins were uploaded to DAVID (https://david.
nciferf.gov/) for Gene Ontology (GO) functional annotations of biolo-
gical process, molecular function and cellular component. Pathways
enrichment analysis was performed based on the KEGG database.

2.8. RT-qPCR

RNAs were extracted from the intestinal tissues of rats using Trizol
reagent (Invitrogen, CA, USA) and estimated by Nanodrop. RNAs were
reverse-transcribed with the PrimerScript RT reagent Kit with gDNA
Eraser (Takara, Dalian, China), following the protocol provided by the
manufacturer. RT-qPCR was conducted using the LightCycler 96 system
(Roche, Germany) with SYBR Premix Ex Taq (Takara). The primers
were designed using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
and commercially synthesized by TsingKe Biological Technology
(Beijing, China). The primer sequences of rats are given in Table 1.
Target RNA levels were normalized to f-actin.

2.9. Western blotting

Western blotting is a widely used and classical method for protein
validation [25]. Frozen intestinal tissues from the CUMS model were
washed twice with cold PBS, lysed with RIPA buffer (Beyotime,
Shanghai, China) containing 1% PMSF, ultrasonicated on ice, and
centrifuged at 14,000 X g for 5 min at 4 °C to remove insoluble material.
Total proteins were quantified using the BCA method before dena-
turation. Samples (10-50 pug) were separated on 10% or 12% Tris-gly-
cine gels and transferred to polyvinylidene difluoride membranes.
Membranes were blocked with 5% non-fat milk in Tris-buffered saline/
0.05% Tween-20 for 1.5h at room temperature and then incubated
with primary antibodies against VAMP3 (diluted 1:200; Santa Cruz
Biotechnology, CA, USA), VAMPS8 (diluted 1:200; Santa Cruz Bio-
technology), SNAP23 (diluted 1:500; Abcam, Cambridge, UK), or f3-
actin (diluted 1:10,000; Bioss, Beijing, China) overnight at 4 °C. After
subsequent incubation with secondary antibody, blots were detected by
ECL reagent and exposed to X-ray film (Fujifilm, Tokyo, Japan). The
signal intensities were quantified using Quantity One software (Bio-
Rad, Hercules, California, USA). Target protein expression was nor-
malized to B-actin.

2.10. ELISA

Frozen intestinal and hypothalamic tissues were homogenized in
0.01 M PBS (pH 7.0-7.4) containing 0.1% protease inhibitor. The tissue
homogenate and serum were centrifuged at 3000 X rpm for 20 min, and
the supernatant was collected for cytokine detection. The levels of
TNFa, IL6 and IL1P in the intestine, hypothalamus and serum were
quantified by ELISA in accordance with the manufacturer's instructions
(MEIMIAN, China).

2.11. High-performance liquid chromatography-ultraviolet (HPLC-UV)
detection of amino acids

The HPLC-UV method has been described in our previous study
[27]. Briefly, frozen intestinal samples (n = 7 each, random samples)
were homogenized and suspended in a solution with internal standard
(IS; norleucine). After deproteinization and resting, the supernatants
were filtered and dehydrated in vacuo, followed by dabsylation with
dabsyl chloride reagent. After subsequent dilution and centrifugation,
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the supernatants were individually transferred to an insert and injected
into an Agilent 1260 HPLC system with a UV detector at 436 nm
(Agilent Technologies, USA) coupled with a reverse-phrase C18 column
(Hypersil GOLD Thermo, 250 mm X 4 mm ID, 5 um particle size). The
injection volume was 20 pL. Mobile phase A (pH = 6.55) was composed
of 9 mM KH2PO4, 4% DMF, 0.1% TEA and 0.055% phosphoric acid.
Mobile phase B was a mixture of 80/20 acetonitrile/ultrapure water.
Chromatographic separation was performed in a gradient manner. The
gradient conditions were as follows: 0-3 min, hold at 8% B; 3-10.5 min,
increase to 20% B; 10.5-52.5 min, increase to 35% B; 52.5-67.5 min,
increase to 50% B; 67.5-99 min, increase to 100% B; 99-100 min, hold
at 100% B; 100-110 min, decrease to 8% B; 110-120 min, hold at 8% B.
The run time was 120 min and the flow rate was 1.0 mL/min.

2.12. Statistical analysis

All data were analyzed using SPSS 21.0 (SPSS, Armonk, New York,
USA) and plotted with GraphPad Prism 7.0 (La Jolla, CA). For beha-
vioral tests, RT-qPCR, western blotting, ELISA and amino acid detec-
tion, Student's t-test was used to assess significance. Fisher's exact test
was used in functional analysis and pathway analysis. The correlative
relationship among cytokines in different tissues was examined using
Spearman's rank analysis. Data were expressed as mean * standard
error (SEM), and P < 0.05 was considered significant.

3. Results
3.1. CUMS rats display depressive- and anxiety-like behaviors

For the CUMS model, we used body weight and sucrose preference
test for baseline evaluation, and no significance was observed prior to
the CUMS procedure (Fig. 2B, C). From the second week of CUMS
procedure, there was a significant decrease in body weight
(t = —2.322, p = 0.026) and this decrease maintained to the end of the
procedure (t = —3.950, p < 0.001, at the third week; t = —5.688,
p < 0.001, at the forth week; Fig. 2B). And sucrose preference was also
significantly decreased (t = —2.689, p = 0.011, Fig. 2C). In the OFT,
no significance was observed in the locomotor activity, calculated by
the total distance travelled (Fig. 2D), but the distance travelled in the
central zone was significantly decreased in the CUMS group
(t= —2.277, p = 0.028, Fig. 2E). The central activity, indicated by
central/total distance, was decreased significantly (t= —3.008,
p = 0.005, Fig. 2F). Immobility time in the FST was markedly increased
(t = 2.976, p = 0.005, Fig. 2G).

3.2. CUMS alters the intestinal protein profile in rats

CUMS rat intestinal samples labeled with iTRAQ-8plex reagents
were analyzed by LC-MS/MS. A total of 5652 non-redundant proteins
were identified. Using a 1.2-fold change in absolute value as the
threshold and p < 0.05, 349 unique proteins were found to be sig-
nificantly changed, with 209 downregulated and 140 upregulated
(Supplementary Table S2). A heatmap of the differential proteins,
generated using Cluster 3.0 and Treeview, is presented in Fig. 3A,
providing a general overview of proteins identified in both groups.

3.3. GO functional annotations and KEGG pathway analyses

GO functional annotations and KEGG pathway analysis were used to
further examine the differential proteins. Three categories were covered

” o«

by GO functional annotations, including “biological process”, “mole-

cular function” and “cellular components”. The top three biological

processes were “protein complex assembly”, “angiogenesis involved in

wounding healing” and “intracellular protein transport” (Fig. 3B). The
@

top three molecular functions were “poly(A) RNA binding”, “zinc ion
binding” and “peptide binding” (Fig. 3C). The top three cellular
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components were “cytoplasm” (n = 105, 22%), “extracellular exosome”
(n = 63, 13%) and “nuclear” (n = 58, 12%) (Fig. 3D).

Based on the KEGG database, the 349 significantly differential
proteins were enriched in the following six pathways: “protein diges-
tion and absorption”, “fat digestion and absorption”, “bile secretion”,
“carbohydrate digestion and absorption”, “GABAergic synapse” and
“basal cell carcinoma” (Fig. 3E).

3.4. Transcript and protein validations of the upregulation of SNAP23,
VAMP3 and VAMPS in the CUMS rat intestine

As mentioned above, “protein complex assembly” was the most
significantly affected biological process, and thus, we sought to validate
all the differential proteins involved in this process at the transcript
level, including Pf4, Pex14, Snap23, Vamp3, Vamp8 and Slc2al. Snap23
(t= —2.757, p = 0.017), Vamp3 (t = —2.319, p = 0.039) and Vamp8
(t = —2.355, p = 0.036) were significantly increased at the transcript
level (Fig. 4A). Subsequently, we validated the expression of these three
proteins by western blotting. Interestingly, VAMP3 (t= —2.997,
p = 0.048) and VAMP8 (t = —2.847, p = 0.029) showed significant
increases in protein levels, while no difference was observed for
SNAP23 (Fig. 4B, C).

3.5. ELISA for cytokine changes in the intestine, serum and hypothalamus

Next, we evaluated the effects of chronic stress on cytokine levels in
the intestine, serum and hypothalamus. As shown in Fig. 5A-C, TNFa,
IL6 and IL1j levels were all significantly increased in the intestine
(t=—-3.920, p=0.003; t= —4.253, p < 0.001; t= —2.479,
p = 0.023). In comparison, TNFa levels were decreased in the hy-
pothalamus (t = 2.259, p = 0.042) and serum (¢t = 1.929, p = 0.028).
IL1pB levels were downregulated in the serum (t = 2.117, p = 0.048).
However, no significant difference was observed in IL6 levels in the
hypothalamus or serum, or in IL1 levels in the hypothalamus.

To further investigate whether these cytokine changes in the dif-
ferent tissues are correlated with each other, we performed Spearman
rank correlation analysis (Fig. 5D). We observed that TNFa levels in the
intestine were negatively correlated with TNFa levels in the hypotha-
lamus and all cytokines measured in the serum. Consistently, IL6 levels
in the intestine were negatively correlated with TNFa, IL6 and IL1f in
the serum. Moreover, IL1{3 levels in the intestine were negatively cor-
related with TNFa and IL1 in the serum. In comparison, TNFa in the
hypothalamus was positively correlated with TNFa and IL1p in the
serum. Notably, these three cytokines were positively correlated with
each other in each tissue.

3.6. Amino acid detection by HPLC shows dysregulation of glutamine,
glycine and aspartic acid in the CUMS rat intestine

According to KEGG pathway enrichment analysis, “protein diges-
tion and absorption” was top-ranked, and is involved in amino acid
production. Therefore, we examined amino acid content to evaluate the
intestinal capacity to digest and absorb proteins. We found that gluta-
mine and glycine were decreased, while aspartic acid was increased
(Supplementary table S3). Of note, three upregulated proteins (SLC9A3,
ANPEP and LAT1) identified in the proteomics analysis are involved in
“protein digestion and absorption”, while three proteins (ASCT2, B°’AT1
and LAT1) validated in our previous study participated in this pathway.
Intriguingly, LAT1 was detected by both proteomics and western blot-
ting, with similar changes in levels.

4. Discussion
Recently, much attention has been given to the role of the gut-brain

axis in the pathogenesis of depression [10,16,27-29]. Preclinical stu-
dies suggest that chronic stress-induced alterations in gut microbiota
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and host metabolism may contribute to the development of depression
[15,27,30]. In the current study, to further explore the role of the in-
testine in gut-brain bidirectional regulation in depression, we used a
shotgun technique, iTRAQ to identify differentially expressed proteins
in the intestine of the CUMS rat model. Based on GO functional anno-
tations and validation at the transcript and protein levels, SNAP23,
VAMP3 and VAMPS8, which are involved in the “protein complex as-
sembly” process, were found to be significantly altered. The cytokines
TNFa, IL6 and IL1f were changed in the CUMS rat intestine, serum and
hypothalamus. Furthermore, KEGG pathway enrichment analysis and
HPLC-UV revealed that amino acid absorption was dysregulated in the
CUMS rat intestine.

4.1. Adaptive immune regulation via antigen processing-cross presentation
in the ER-phagosome pathway

SNAP23, VAMP3 and VAMPS, were verified by RT-qPCR and wes-
tern blotting, and all of them showed significant increases at the tran-
script level in the CUMS rat intestine, although only VAMP3 and
VAMPS8 were also increased at the protein level. The inconsistencies in
SNAP23 transcript and protein levels may be attributed to post-trans-
lational modifications, such as phosphorylation [31,32]. It has been

reported that SNAP23 interacts with VAMPs and syntaxins to effectuate
exocytosis [33,34]. The overall upregulation of these three SNARE
components suggests that chronic unpredictable mild stress enhances
intestinal mucosal secretion, which is critical in host defense against a
variety of pathogens by preventing direct contact with the epithelium
[35,36]. A previous study showed that in dendritic cells (DCs), SNAP23
(on the membrane of phagolysosomes) interacts with VAMP3 and
VAMPS (on the membrane of recycling endosomes) to form the SNARE
complex, which can promote endoplasmic reticulum compartment
(ERC)-phagosome fusion to allow antigen processing-cross presentation
[37]. DCs are antigen presenting cells located at mucosal surfaces (such
as intestinal mucosa) and lymphoid tissues (such as mesenteric lymph
node) to present antigens to T cells via Class I major histocompatibility
complex (MHC) [37-39]. The ensuing activation of T cells bolsters the
adaptive immune response [39]. Therefore, the simultaneous upregu-
lation of intestinal SNAP23, VAMP3 and VAMPS8 found in this study
suggests that CUMS enhances the adaptive immune response by pro-
moting antigen processing-cross presentation via the ER-phagosome
pathway (Fig. 6A). This immune response might expand from the in-
testine to elicit a systemic inflammatory response. To test this hy-
pothesis, we measured cytokine levels in the intestine, serum and hy-
pothalamus and found that TNFa, IL6 and IL1B were markedly
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dysregulated. These results are consistent with the immune-in-
flammatory dysregulation previously observed in CUMS mice liver and
plasma [22,40], as well as a study in which an anti-inflammatory agent
attenuated depressive-like behaviors and the proinflammatory response
in CUMS rats [41]. Furthermore, Spearman's correlation analysis re-
vealed a negative correlation between the cytokine changes in the three
different tissues, providing further support for the presence of a sys-
temic immune response. Upregulation of cytokines in the intestine may
account for the direct contact with gut microbiota, while down-
regulation of cytokines in the serum and hypothalamus may account for
the immunoregulatory inhibition due to long-term low inflammatory
stimulus. Thus, the systemic inflammatory response and immune reg-
ulation play a critical role in the pathogenesis of depression.

4.2. Disturbance in glutamine, glycine and aspartic acid

Glutamine and glycine were downregulated, while aspartic acid was
upregulated in the CUMS rat intestine. The alterations of the intestinal
amino acids have been reported in our previous study [27]. Moreover,
five differential proteins were found to play an important role in amino
acids production and transport (i.e., “protein digestion and absorption”
KEGG pathway) (Fig. 6B).

SLC9A3 (NHE3), a Na*/H™" exchanger helps form a pH gradient
across the apical membrane of the intestinal epithelium, which acti-
vates the peptide transporter to deliver di-/tripeptides to the cytoplasm
and to complete the ensuing hydrolyzation from peptides to

oligopeptides by intracellular peptidases [42,43]. ANPEP (CD13),
aminopeptidase N, hydrolyses oligopeptides to single amino acids at the
brush-border membrane [44,45]. B°AT1 (SLC6A19) is a broad specifi-
city neutral amino acid transporter restricted to the apical membrane of
the intestine and kidney, and is responsible for absorption of glutamine
and glycine [46,47]. ACST2 (SLC1A5) also mediates the influx of glu-
tamine and glycine [48,49]. LAT1 (SLC7AS5) acts in a Na + -independent
manner and utilizes the intracellular pool of amino acids generated by
ASCT?2 to exchange a small neutral amino acid (e.g., glutamine) inside
for a large essential amino acid (e.g., leucine, tryptophan) outside
[50,51]. Their interdependence may account for the coordinated up-
regulation of these transporters in various disorders, especially cancer
[52,53]. LAT1 was not only detected by iTRAQ but also validated by
western blotting. Moreover, the consistent trend of this protein by two
methods makes the data more reliable. Therefore, it is reasonable to
conjecture that the changes in these proteins result in a disturbance in
amino acid homeostasis in the CUMS rat intestine. Of note, the intestine
samples used for detection by iTRAQ or validation by western blotting
are from the same rat cohort. Thus, the results obtained from two
methods may supple each other in some kind of degree.

Glutamine is essential for the optimal induction of heat shock pro-
teins to maintain intestinal homeostasis [54]. Glutamine also modulates
intestinal cell proliferation and stem cell differentiation [55]. Further,
glutamine participates in the central “glutamate/GABA-glutamine
cycle” [56,57]. Consistent with the downregulation of glutamine ob-
served in the intestine, decreased levels of glutamine have also been
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detected in the prefrontal cortex, amygdala and plasma in rodent de-
pressive models [58-60]. Glycine, an agonist of the NMDA receptor in
the CNS, is crucial for cognitive function and neuroplasticity in de-
pression [61]. Glycine is increased in the hippocampus of CUMS rats
because of a dysfunction in the glycine cleavage system [23]. In con-
trast to the hippocampus, chronic stress decreases glycine in the per-
iphery (PBMCs and urine) [30,62], similar to the intestine. Aspartic
acid regulates dendritic and synaptic proliferation in the CNS [63].
Furthermore, in the enteric nervous system (ENS), r-aspartate is found
in L-Asp-immunoreactive neuronal cell bodies and nerve fibers in the
myenteric and submucosal plexus of the intestine. Thus, aspartate can
modulate neuronal functions in the ENS [64]. We speculate that ele-
vated aspartic acid in the intestine could contribute to ENS dysfunction
under chronic stress.

Together, our findings indicate that differential proteins may ac-
count for the disturbance in glutamine, glycine and aspartic acid in the
intestine of CUMS rats and that perturbations in these amino acids
might underlie the pathogenesis of depression.

4.3. Gut-brain axis

Our findings show that CUMS induced adaptive immune response
enhancement through ER-phagosome pathway and disturbed amino
acids absorption in the intestine. A previous study suggested that
chronic stress causes alterations in gut microbiota [15], and TLRs on
the intestinal epithelium recognize pathogenic bacteria to trigger an
immune response [65,66]. Additionally, psychological stress can di-
rectly activate the HPA axis and induce peripheral inflammation [67].
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The gut is an important metabolic site, in which various enzymes
function to maintain metabolism balance [68].Notably, certain foods,
such as indigestible carbohydrate fibers, require microbial fermenta-
tion. Small molecules generated from fermentation are easy to absorb
and important for gut-brain bidirectional communication, such as
amino acid neurotransmitters and short chain fatty acids [69].

4.4. Limitations

There are several limitations to this study. First, there are several
cell types in the intestine, and the proteomic analysis assessed the
proteins in all layers of intestine and cell types of the organ. Therefore,
further study is needed to identify the locations of the various SNARE
complex proteins. Second, the iTRAQ analysis was based on pooled
samples, and therefore, individual differences might have been ignored.
Thus, a more advanced technique based on individual samples should
be used in a future study to obtain more rigorous and thorough in-
formation for profiling. Third, our preliminary findings indicated that
intestinal SNARE complex proteins involved in the ER-phagosome
pathway were altered and cytokines were changed at the systemic level.
However, the relationship between the SNARE complex and cytokines
is unclear and future study is needed to elucidate the link between
them. Last, only proteomic technique was applied in this study and the
significance of intestinal physiological and pathological processes in
CUMS rats cannot be fully explained, so further study should integrate
other omics data, such as metabonomics and transcriptomics.

5. Conclusion

Our findings indicate that CUMS enhances the intestinal adaptive
immune response through the ER-phagosome pathway by upregulating
the SNARE complex (SNAP23, VAMP3 and VAMPS8), and also leads to
disturbance in amino acid absorption. These results highlight the key
role of gut-brain axis in the pathogenesis of depression and they provide
new potential therapeutic targets for this debilitating disorder.
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