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Abstract

Mesenchymal stem cells (MSCs)-based therapy has received considerable research attention for its
anti-inflammatory properties in depressive-like behavior, but poor MSC survival and
immunogenicity after transplantation limit their therapeutic effectiveness. This study evaluated
pretreated bone marrow-derived MSCs (BM-MSCs) with lactobacillus plantarum supernatant (L.PS)
in an animal model of chronic restraint stress (CRS)-induced depressive-like behavior. BM-MSCs
were pretreated with 15 uM of fluoxetine or 10 10 pl/ml of L.PS for 24 hours. Thirty-six adults male
Wistar rats were divided into six groups: CTRL, CRS, CRS+PBS, CRS+MSCs, CRS+FIx/MSCs, and
CRS+L.PS/MSCs groups. The open field test (OPT), Morris water maze (MWM), forced swimming
test (FST), body weight, and blood glucose levels were measured. After sacrifice, the hippocampal
tissues underwent histopathological analysis. Additionally, hippocampal mRNA levels of NF-«kB and
pro-inflammatory cytokines (IL-1(3, IL-6, IL-18, and TNF-a) were measured using real-time PCR,
while ELISA measured protein levels of these cytokines and serum corticosterone. A bioinformatic
analysis, including protein-protein interaction (PPI) network, enrichment, and correlation analysis
related to depression was performed. Pre-treatment of MSCs with L.PS significantly improved
depressive-like behavior (p < 0.05) by enhancing MSCs neuroprotection via downregulating NF-«xB
and pro-inflammatory cytokines. An in-silico analysis also highlighted the importance of evaluating
and targeting this pathway. In conclusion, we found that L.PS pretreated MSCs significantly improve
CRS-induced depressive-like behavior, which can be partly attributed to the inhibition of NLRP3-
mediated neuroinflammation.
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1. Introduction

Depression is a common psychiatric disorder that affects millions of people worldwide.
Symptoms of depression include persistent feelings of sadness, hopelessness, and anhedonia [1].
There are many therapeutic options, including antidepressants, psychotherapy, Electroconvulsive
Therapy (ECT), deep brain stimulation (DBS), Vagus Nerve Stimulation (VNS), and esketamine
therapy. However, many patients are still unresponsive to these treatments or experience negative
side effects [2,3]. The overall number of cases of depression continued to increase from 1990 to 2023
(by about 62.79%) [4]. The stable or slightly higher prevalence concerning major service quality
improvements in medical care suggests a low effectiveness in treatment or a rise in prevalence at the
population level, which has been called the “treatment-prevalence paradox” (TPP) [5]. This may
imply that the future of therapies for improving efficacy includes certain forms of alternative and
combined therapies. Mesenchymal stem cells (MSCs) represent a form of adult stem cell that can
easily be obtained and have the potential to differentiate into multiple cell types, including bone,
cartilage, adipocytes, and neuron-like cells [6,7]. MSCs are emerging as a potential candidate for
depression due to their anti-inflammatory and immunomodulatory properties [8]. It has been
demonstrated that intracerebroventricularly delivered MSCs alleviated the symptoms of treatment-
resistant depression in animal models [9]. It was also found that intrahippocampal injection of MSCs
significantly improved depressive-like behavior in rats [10]. While the exact role of MSCs in
depression is not fully understood, studies have unveiled multiple functions such as promoting
neurogenesis [9,11], modulation of glutamatergic neurotransmission, neurotrophic factor secretion
[12], and anti-inflammatory effects [13]. Researchers propose inflammation as a new pathway for the
development and progression of depression [14,15]. One particular area of interest is the NLRP3
inflammasome, an intracellular complex protein essential in regulating inflammatory signaling [16].
The NLRP3 inflammasome has a two-step activation process (priming and protein complex
formation). First, priming (Signal 1) involves Pattern recognition receptor signaling, such as tumor
necrosis factor (TNF) signaling. Second, protein complex formation (Signal 2) consists of
transcriptional activation of pro-IL-1[3 and pro-IL-18 through the stimulation of NF-«B (nuclear factor
kappa light chain enhancer of activated B cells) [17]. Our previous studies highlighted the pivotal
role of the NLRP3 inflammasome pathway in the pathogenesis and progression of various conditions,
including spinal cord injury, COVID-19, and depressive-like behavior [18-20]. Several recent studies
have revealed that stress activates the NLRP3 inflammasome and enhances susceptibility to
depression. For example, serum levels of IL-13 and TNF-a were positively related to the severity of
Major depressive disorder (MDD) [21]. Another study found that stress may lead to depressive-like
behavior in mice, which is potentially attributable to elevated serum and hippocampal IL-1f3 levels
upon NLRP3 inflammasome activation [22]. Several recent studies have revealed that MSCs have
anti-inflammatory effects by targeting the NLRP3 inflammasome pathway to decrease depressive-
like behavior [23]. However, the effectiveness of MSCs is limited by their low survival rate and poor
integration into target tissues [24]. Consequently, understanding how MSCs can be employed
therapeutically to treat depression is critical. According to recent studies, pretreating MSCs with
probiotics can improve their survival rate and alter their immunomodulating characteristics,
potentially increasing their therapeutic potential [25,26]. Prior research has also suggested that
probiotics can be effective in alleviating symptoms of depression. A study found that participants
who took a probiotic supplement containing Bifidobacterium lactis W52, Bifidobacterium bifidum
W23, Lactobacillus brevis W63, Lactobacillus acidophilus W37, Lactobacillus casei W56, Lactococcus
lactis (W19 and W58), and Lactobacillus salivarius W24 experienced significant improvements in
their mood [27]. Another study discovered that taking a probiotic supplement comprising
Bifidobacterium longum and Lactobacillus helveticus for eight weeks significantly reduced
depressive symptoms [28]. Other studies found that Lactobacillus plantarum effectively reduced
symptoms of depression in mice [29,30].

While these studies suggest that probiotics may be effective in managing depression, further
research is warranted to fully understand how they work. In this sense, a combination of ex vivo, in
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vivo and in silico studies were conducted to examine how MSCs pretreated with Lactobacillus
plantarum Supernatant (L.PS) could affect depressive-like behavior. Additionally, it may explore the
impact of preconditioned MSCs on the inflammasome-related cytokines and inflammatory response
associated with depression.

2. Materials and Methods

2.1. Animals and Experimental Grouping

Adult male Wistar rats (n=36; 250280 g; seven to eight weeks old) were obtained from Royan
Institute, Tehran, Iran. Rats were housed in groups (n=6) in standard cages and allowed to acclimate
for 7 days before the experiments. The rats were maintained on a 12 h:12 h cycle (lights on 07:00 to
19:00) in a temperature-controlled room at 23+2 °C with unrestricted access to food and water ad
libitum, except during restraint stress sessions. Four male rats were housed in each cage, and the cage
bedding was routinely changed every 3 days. Rats were randomly divided into six groups as follows:
CTRL (unstressed), CRS (6 h/day, for 28 days), CRS+PBS (6 h/day, for 28 days, received i.c.v injection
of 10 ul PBS), CRS+MSCs (6 h/day, for 28 days, received i.c.v injection of 1 x 105 BM-MSCs in 10 pl
PBS), CRS + FIx/MSCs (6 h/day, for 28 days, received i.c.v injection of 1 x 105 fluoxetine pretreated
BM-MSCs in 10 ul PBS), CRS+L.PS/MSCs (6 h/day, for 28 days, received i.c.v injection of 1 x 105 L.PS
pretreated BM-MSCs in 10 pl PBS). Rats received 1 injection every two weeks for 4 consecutive weeks,
and interventions were injected into the left-brain ventricle. At the end of experimental procedures
and behavioral tests, animals were deeply anesthetized with a combination of ketamine (90 mg/kg)
and xylazine (10 mg/kg) by decapitation for brain dissection, and a blood sample was immediately
collected from the animals' hearts. The Institutional Animal Care and Use Committee of Tehran
University of Medical Sciences approved all procedures involving laboratory animals (Approval ID:
IR TUMS.AEC.1401.214). All attempts were taken to minimize the consumption and pain of the
animals in the study (Figure 1).

Lg_ -

28 N=36 (6 per group)
| Adaptation |Chromt Restraint Stress (6h daily)+ICV X administration (Fortnightly)
bays |

O Molecular analysis(n=3)

O Histological changes(n=3)
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CRS+PBS Sacrifice and
CRS+MSCs sample
CRS+FIx/MSCs collection
CRS+L.PS/MSCs
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Figure 1. Experimental design and timeline.

2.2. Isolation and Expansion of BM-MSCs

Bone marrow was collected from the femur and tibia of euthanized male Wistar rats (n = 6, 220-
250 g, Royan Institute, Tehran, Iran) using a high dose of ketamine by flushing with high Glucose
Dulbecco’s modified Eagle medium (DMEM) (Biosera,France) supplemented with 10% fetal bovine
serum (FBS) (Biosera,France). Total cells were isolated using gradient centrifugation (1500 rpm, 10
min) and cultured in Alpha-minimal essential medium (a-MEM) (Biosera,France) containing 15%
FBS (Biosera) and 100 units/mL penicillin-streptomycin (Bioldea Co., Iran). After four days, the
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culture medium was discarded and replaced with pre-warmed fresh medium once a week. To
subculture and expand the cells, a sufficient amount of 1X trypsin-EDTA solution was added to each
culture flask after washing the adherent cells with warmed phosphate-buffered saline (PBS). The
flasks were incubated in a Co2 incubator at 37 °C for 2-3 minutes. Expanded BM-MSCs were
harvested at the third passage to determine the positive expression of CD44 and CD90 and the
negative expression of CD34 and CD45 markers.

2.3. BM-MSCs Characterization

Flow cytometry was performed to characterize rat BM-MSCs. The cultured cells were harvested,
washed, and suspended in PBS supplemented with 0.1% bovine serum albumin (BSA) (Sigma-
Aldrich, Germany). 10 x 10¢ cells were stained with appropriate concentrations of fluorescein
isothiocyanate (FITC)-or phycoerythrin (PE)-conjugated monoclonal antibodies (both from
BioLegend, USA) against CD44 and CD90 (positive markers) and CD34 and CD45 (negative markers),
incubated for 30-45 min at room temperature. In addition, matched isotype antibodies and
Fluorescence minus one (FMO) were used as controls for accurate cell population gating. The cells
were washed in PBS containing 0.1% (BSA) (Sigma-Aldrich), and counted using FACScalibur flow
cytometry (BD Biosciences, USA). Data were analyzed using Flow]Jo V 10 software (Flow]o, LLC).

2.4. Chronic Restraint Stress (CRS) Induced Depressive-like Behavior

We used the exposure to CRS (6 h/day, for 28 days) to induce depressive-like behavior in rats.
The validity of CRS as a model of depression in rats has been demonstrated previously [31]. Animals
were placed in well-ventilated Plexiglas tubes for 28 consecutive days and exposed to CRS for 6 hours
per day (from 09:00 to 15:00). After receiving restraint stress, they were returned to their home cages.

2.5. Assessment of Cytotoxic Effects of Fluoxetine and L.PS on the BM-MSCs

Fluoxetine was purchased from Jalinous Pharmaceutical Co., Tehran, Iran, and dissolved in
sterilized PBS, with pH 7.2 for cell treatments. In addition, Lactobacillus plantarum bacterium
(purchased from the National Center of Genetic and Biological Resources of Iran) was cultured under
anaerobic conditions in MRS broth medium at 37 °C. To prepare the cell-free supernatant, cultured
bacterial cells were centrifuged at 5,000 g for 15 minutes, and the supernatant was dried using a speed
vacuum and stored at -20 °C until used.

The colorimetric MTT (3-(4, 5-dimethylthiazol-2-yl) - 2, 5-diphenyltetrazolium bromide) assay
was performed to determine the cytotoxic effects of different concentrations of fluoxetine and
Lactobacillus plantarum supernatant (L.PS) on the viability of rat BM-MSCs. Briefly, 5 x 10* BM-MSCs
were seeded in each well of 96-well tissue culture plates. The plates were incubated under standard
incubation conditions until the cells reached an appropriate confluency. Then, adherent cells were
exposed to different concentrations of fluoxetine (1, 2, 5, 10, 15, and 20 uM) and various volumes (0.5,
1, 2.5, 5, 10, 15, 20, and 30 pl) of L.PS for 24 and 48 hours. The culture media was replaced with a
standard volume of MTT reagent (5 mg/ml) (Sigma Aldrich), and the plates were incubated for 4
hours at 37°C. The emerged purple formazan crystals were dissolved with 100 ul of dimethyl
sulfoxide (DMSO, Merck, Germany). The optical density (OD) of each well was measured at a
wavelength of 540 nm and a reference wavelength of 630 nm using a microplate reader. BM-MSCs
without Fluoxetine or L.PS served as a negative control. Triplicate wells were used for each sample.
The MTT test was also performed on cells treated with the same concentrations of MRS broth
(bacteria-free) to eliminate interference from the components of bacterial culture media. The number
of cells was also determined using a standard curve. The data obtained from each sample were
normalized with those in the negative control, where the cell viability in the control sample was
considered 100%.
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2.6. Intracerebroventricular Injection of BM-MSCs

Adult male rats were implanted with a stainless-steel cannula. The cannula (0.4 mm diameter)
was placed at P—0.8 mm, L—1.5mm, D—3 mm and was drilled into the skull using a mini-drill
(RWD Life Science). After recovery, rats were injected with BM-MSCs (1 x 105 BM-MSCs per rat in 10
pl PBS (Thermo Fisher Scientific)) or vehicle (10 pl PBS) through the cannula with a Hamilton syringe
(0.17 diameter) at a rate of 1 ul/min. Rats were treated with intracerebroventricular injections
fortnightly for 4 weeks.

2.7. Behavioral Tests

Behavioral testing was conducted during the light phase, between 09:00 and 15:00, and a blind
experimenter monitored all recordings.
2.7.1. Body Weight and Blood Glucose Monitoring

The body weight of each rat was measured weekly at 9 a.m. during the experiment. Weight gain
was calculated using the following equation:

Final weight (W28) — Initial weight (W0)
*

1
Initial weight (WO0) 00

Total body weight gain (%) =

At the end of the experiment, blood samples were collected from the tip of the tail, and fasting
blood glucose levels were determined by a digital glucometer (Glucocard-01, Arkray, Japan).

2.7.2. Open Field Test

The open field test was conducted to assess anxiety-like behavior. Briefly, it consisted of a plastic
box measuring 40*40*30 cm (width*length*height). The rats were placed near the midpoint of the
open field apparatus for 10 min, and the locomotion frequency, time in the central arena, Immobility
time, and frequencies of rearing, grooming, and licking/cleaning were measured. The apparatus was
cleaned with 5% ethanol to remove olfactory cues.

2.7.3. Morris Water Maze Test

Studies show that stress-induced depressive-like behavior impairs learning and memory in rats
[32]. To evaluate this cognitive dysfunction, we used the Morris water maze (MWM) [33-36]. It
consisted of a black open circular pool, 150 cm in diameter and 40 cm high, filled with 23 +2 °C water.
During training trials, an escape platform with a diameter of 10 cm was placed 1 cm below the water
surface. The pool was divided into four quadrants, with the platform being placed in the center of
the fourth quadrant. Learning trials to test the rats' ability to navigate the maze were conducted over
2 days. During training, each rat was placed into the water and expected to find the hidden platform
within 60 seconds. When a rat failed to recognize it within 60 seconds, it was guided gently onto the
platform and made to stay on it for 15 seconds. Each animal underwent four training sessions per
day, with each session originating from a different quadrant. Successive training sessions were
conducted at 20-minute intervals to ensure consistency and adequate rest periods between trials. On
day 3, the platform was removed, and each rat was put into the water on the side opposite the original
platform quadrant for a free 60-second probe. The escape latency, defined as the time taken for the
rat to find the platform, was recorded by a tracking system.

2.7.4. Forced Swimming Test

The forced swimming test (FST) was performed to gauge despair-like behavior as described
previously [37]. Rats were individually subjected to forced swimming in glass cylinders (height: 40
cm; diameter: 28 cm; water depth: 30 cm; water temperature: 25 + 1 °C). The animals were kept in the
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cylinders for 6 min, and the Immobility latency, Immobility time, swimming time, and Climbing time
were recorded in the last 5 min.

2.8. Serum and Sample Collection

After all behavioral tests, rats were anesthetized with a combination of ketamine (90 mg/kg) and
xylazine (10 mg/kg), followed by thoracic cavity dissection. Then the blood was taken from the heart
with a syringe, and 1 hour later, the whole blood was centrifuged (3000 g, 10 min), the upper serum
collected and stored at —80 °C. Half of the rats in each group were sacrificed by decapitation. The
hippocampi were removed onto an ice tray and flash-frozen in liquid nitrogen immediately.
Hippocampi were stored in a refrigerator at -80°C before being used for molecular analysis. In the
remaining half of the rats in each group, tissues were obtained, post-fixed, and embedded in paraffin.

2.9. ELISA

Serum corticosterone level was tested using enzyme-linked immunosorbent assay (ELISA) kits
(ZellBio, Germany). Hippocampal IL-1f3, IL-6, IL-18, and TNF-a concentrations were also measured
using ELISA kits (Karmania Pars Gene, Iran). The hippocampus tissue was weighed and
homogenized with ice-cold PBS. The homogenates were centrifuged for 10 minutes (5000 rpm, 4 -C).
Cytokine levels were measured in duplicate using 100 microliters of supernatant.

2.10. Real-Time PCR

Real-time PCR was performed to assess the mRNA levels of IL-1p, IL-6, IL-18, TNF-a, and NF-
kB. Initially, the hippocampi were dissected and homogenized to extract total RNA. The extracted
RNA was then converted into cDNA using reverse transcriptase (1 ug of RNA). Subsequently,
specific primers were used for real-time PCR with GAPDH as a reference control. All steps were
carried out following the instructions provided in the kit from Gene All in South Korea. The PCR
cycles consisted of 10 minutes at 94 °C, followed by 30 seconds at 94 °C, 40 seconds at 58 °C, and 40
seconds at 72 °C for 35 cycles. Real-time PCR was conducted for 40 cycles. The primers used were
commercially synthesized and are listed in Table 1.

Table 1. Primers used in quantitative real-time PCR.

Gene Forward primer (5'-3') Reverse primer (5'-3') Product
Size
IL-1B TGGCTGTGGAGAAGCTGTGG GCAGTGCAGCTGTCTAATGG 170
IL-6 CCACTGCCTTCCCTACTTCAC CAGTGCATCATCGCTGTTC 185
IL-18 CCGAACAGCCAACGAATCC GACATCCTTCCATCCTTCAC 105
TNF-a CCCTCACACTCAGATCATCTTCTC TCAGCCACTCCAGCTGCTCCTC 96
NF-kB GGATGACAGAGGCGTGTATAAGG GAGGAAGGCTGTGAACATGAGG 194
GAPDH | CTTTCTACATCCTGGCTCACAC GTCCAGATGATTCAGAGCTCC 151

2.11. Nissl Staining

The Nissl staining method was used to assess histological changes and neuronal loss in the
hippocampus. Brain tissues were sliced into 7 um-thick sections, with three sections prepared per
animal. This was done using a sliding rotary microtome after fixation in a 4% formaldehyde solution.
Samples were rehydrated and stained with 0.1% cresyl violet solution. The sections were examined
under a light microscope equipped with a digital camera (Labomed, USA) for image capture. The
number of pyknotic neurons in a 0.1 mm?2 area of the central section of different hippocampal regions
(at 400x magnification) was counted using the Image] program.
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2.12. In Silico Study

2.12.1. Construction of PPI Network

To investigate the protein-protein interaction (PPI) network relevant to MDD pathogenesis, we
initially selected a core set of inflammatory markers based on their established roles in the literature:
NF-«xB, IL-1B, IL-6, IL-18, and TNEF-a [38,39]. These proteins were chosen due to their well-
documented involvement in inflammatory pathways associated with MDD. The selected proteins
were used as input for the STRING database (version 12.0) to construct an initial PPI network. To
enhance the network's comprehensiveness, we expanded it to include additional interacting proteins,
with a focus on incorporating the NLRP3 inflammasome, which emerged as a relevant node based
on its interactions within the network. The STRING analysis was performed with a medium
confidence threshold (score > 0.4) to ensure reliable interactions. The resulting PPI network was
imported into Cytoscape (Version: 3.10.2) for visualization and further analysis. To evaluate the
topological properties of the network, we utilized the CytoNCA plugin to calculate key centrality
measures, including degree, closeness, and betweenness centrality. These metrics were used to
identify the most influential nodes within the network. Based on these analyses, a refined list of 11
genes, including NLRP3, was selected for further investigation due to their high centrality scores,
indicating their potential significance in MDD-related inflammatory pathways.

2.12.2. GO and KEGG Enrichment Analysis

To investigate the functional roles of intersected gene targets, we utilized ShinyGO 0.82
(http://bioinformatics.sdstate.edu/go/), a robust web-based platform for gene enrichment analysis.
This tool enabled the identification of enriched Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways and Gene Ontology (GO) terms, encompassing molecular function (MF), cellular
component (CC), and biological process (BP) categories. The analysis was configured with a false
discovery rate (FDR) cutoff of 0.05 to ensure statistical rigor, displaying up to 20 pathways with a size
range of 2 to 5,000 genes.

2.12.3. Correlations Between Inflammatory Biomarkers and Major MDD-Associated Genes

To explore the intricate relationships between inflammatory biomarkers and key genes
associated with Major Depressive Disorder (MDD), we employed the Gene Expression Profiling
Interactive Analysis (GEPIA) tool (http://gepia.cancer-pku.cn/detail. php) [40]. This study focused on
evaluating the expression levels of a panel of inflammatory genes, including IL1A, IL1B, IL6, TNF,
IL18, IL1R1, CASP1, IL33, ILIRN, NFKB1, and NLRP3, in relation to two pivotal MDD-related genes:
SLC6A4 (Serotonin Transporter Gene) and FKBP5 (FK506 Binding Protein 5 Gene). Using the GTEx
Brain-Hippocampus dataset, we computed Pearson’s correlation coefficients to quantitatively assess
the associations between the expression profiles of these inflammatory biomarkers and the selected
MDD genes. This analysis provides valuable insights into potential functional interactions and shared
molecular pathways that may contribute to MDD pathogenesis. The results elucidate how
inflammatory processes and genetic predispositions may converge to influence the neurobiological
underpinnings of depression, paving the way for further mechanistic studies.

2.12.4. Expression of Inflammatory Genes in MDD

To elucidate the role of inflammation-related molecular mechanisms in MDD, we conducted a
comprehensive analysis of gene expression profiles sourced from the Gene Expression Omnibus
(GEO) repository. Specifically, we utilized the publicly accessible dataset GSE76826, which
encompasses transcriptomic data from elderly individuals (aged 250 years) diagnosed with
melancholic MDD per DSM-1V diagnostic criteria. This dataset comprises samples from 12 healthy
controls (HC) and 10 MDD patients, including both outpatients and inpatients [41]. We curated a
panel of inflammation-related genes, including IL1A, IL1B, IL6, TNF, IL18, IL1R1, CASP1, IL33,
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IL1RN, NFKB1, and NLRP3, selected for their established contributions to MDD pathophysiology.
Data retrieval was facilitated through the 'GEOquery' package in R, while differential expression
analysis was performed using the 'Limma’' package. Genes with an adjusted p-value < 0.05 were
deemed significantly differentially expressed. To enhance the interpretability of statistical
significance, p-values were converted to a negative logarithmic scale (-logl0 p-value). For visual
representation, a volcano plot was generated using the 'ggplot2' package, plotting log2 fold change
(log2FC) on the x-axis against -logl0(p-value) on the y-axis to delineate genes with significant
expression differences. Additionally, a heatmap was constructed to illustrate the expression profiles
of the selected inflammation-associated genes across MDD and HC groups. To further compare gene
expression levels between the two cohorts, boxplots were generated for key genes, providing a clear
visualization of group-specific expression patterns.

2.13. Statistical Analysis

Statistical analysis was conducted using SPSS version 25.0 (IBM Corporation, NY, USA), with
the Shapiro-Wilk test used to assess normality. Data from time-course experiments were analyzed
using repeated-measures analysis of variance (ANOVA). One-way ANOVA was used for
comparisons across groups with one factor, followed by post hoc pairwise Tukey's tests. GraphPad
version 8.0 was used to draw statistical graphs, and data were reported as mean + standard error. P-
value< 0.05 was considered statistically significant.

3. Results

3.1. Cytotoxic Effects of Fluoxetine and L.PS on BM-MSCs

MTT assay revealed that treatment of BM-MSCs with Fluoxetine (1-15 uM) and L.PS (0.5-10
pl/ml) for 24 hours substantially increased the percentage of cell viability in a dose-dependent
manner compared to control groups (Figure 2). In continuation, 5x10° of BM-MSCs were treated with
15 uM of Fluoxetine or 10 ul/ml of L.PS for 24 hours and injected into the left-brain ventricle in the
experimental groups. The control groups received an equal volume of PBS or nothing.
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H———"/"/\
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2

BM-MSCs

0 s 10 15 20 ° s 10 15 20
Fluoxetine concentrations (M) L.PS volumes (ul/ml)

48h C 10 D 10

BM-MSCs viability (%)

1
Z
S
=
=

0 s 10 15 20 0 B 10 15 20
Fluoxetine concentrations (M) L.PS volumes (ul/ml)

Figure 2. The survival rate of BM-MSCs by MTT assay. The viability percentages of BM-MSCs after (A, B) 24 and
(C, D) 48 hours of treatment with Fluoxetine and L.PS, respectively. Appropriate doses were 15 uM for
Fluoxetine and 10 pl/ml for L.PS after 24 hours of BM-MSCs treatment (p < 0.05). After 48 hours, a significant
decrease was identified in the cells' survival rate in all concentrations. Data are expressed as the mean + SEM.

BM-MSCs: Bone marrow mesenchymal stem cells, L.PS: Lactobacillus plantarum supernatant.
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3.2. Physiological Parameters

3.2.1. Effect of Various Treatments on Corticosterone Level

As displayed in Figure 3 (A), the serum corticosterone level significantly increased (p < 0.05) in
the CRS group compared with the control group. However, the administration of treatments
significantly decreased (p < 0.05) the corticosterone level compared to the CRS group. Interestingly,
pre-treatment of MSCs with L.PS was more effective in normalizing corticosterone levels than other

treatment groups.
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Figure 3. Effect of various treatments on physiological parameters, including serum corticosterone (A), blood
glucose levels (B), body weight changes (C), and weight gain (D) in different groups of rats. All values are
represented as mean + SEM, * p < 0.05 vs. control, and # p < 0.05 vs. CRS.

3.2.2. Serum Glucose Changes

The mean glucose levels were as follows: control rats, 94.3+3.9 mg/dL; CRS, 62.6+2.7 mg/dL;
CRS+PBS, 73.5+£3.08 mg/dL; CRS+tMSCs, 94.8+3.5 mg/dL; CRS+Flux pretreated MSCs, 95+4.7 5 mg/dL;
and CRS+L.PS pretreated MSCs, 97.5+3.07 mg/dL. Treatment of rats significantly increased blood
glucose levels compared to control group (P < 0.05), and with no significant difference among

treatment groups (Figure3 (B)).

3.2.3. Body Weight Gain

Weekly body weight measurements were taken across all groups. There were no significant
differences between the groups during the first three weeks. However, at weeks three and four, body
weight in all groups except for CRS+L.PS pretreated MSCs group significantly decreased compared
to the control group (P < 0.05). In week 4, CRS+L.PS pretreated MSCs group showed a significant
increase in body weight compared to the CRS (P < 0.05) Figure 3 (C). Total body weight gain was
obtained using the formula as mentioned earlier. Comparisons showed that all groups except for
CRS+L.PS pretreated MSCs group, exhibited a decrease in total body weight gain compared to the
control group (P < 0.05) Figure 3 (D)).
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3.4. Effects of Different Treatments on Behavioral Tests

The CRS group showed reduced Immobility Latency, Swimming Time, and prolonged
immobility time in FST (p <0.05; Figure 4), and reduced total time in center, rearing, grooming,
prolonged latency time in OFT (p <0.05; Table 2) in comparison with the rats in the control group.
Our MWM results showed that escape latency (time required to reach the platform) decreased in all
groups during the training phase. Over 2 days, the mean escape latency for the treatment groups was
significantly shorter than CRS group (p <0.05; Figure 5 (A)). In addition, animals in the pretreated
MSCs groups spent substantially more time in the target quadrant compared to animals in the CRS
group (p <0.05; Figure 5 (B)).
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Figure 4. Antidepressant-like effects of treatment with L.PS pretreated MSCs on depressive behavior in response
to the FST. Immobility Latency (A), swimming Time (B), Immobility Duration (C), and Climbing Time (D) were
recorded during FST. Columns show the means + SEM. * p < 0.05 vs. the CTRL group, # p < 0.05 vs. the CRS
group; and & p < 0.05 vs. other treatment groups.

Table 2. Parameters obtained in the open field test: Locomotion Frequency, Total Time in Center (seconds),
Rearing (Frequency), Grooming (Frequency), Licking/Cleaning (Frequency), Immobility Time (seconds); and

Fecal (Frequency). The values are mean + standard error of the mean (SEM).

Groups CTRL CRS CRS+PBS ~ CRS+MSCs  CRS+Flux CRS+L.PS o
treated treated  Title 1Title2 ¢ 111
Variables pretreate pretreate 1tle 1tle 3
MSCs MSCs
Locomotion  380.83+9.14242.83+27.87%,266.16+14.23%,387.83+14.5#&,377.16£15.22#&,412.16+27 81 &,
data data data
Frequency 0001 003 0001002 4001, 004 0001, .0001
Total Time in  39.56+4.89 11.68+3.95%, 11.28+3.45%, 28.58+4.13#&, 33.73+3.49#&, 37.21:2.84#&,
Center 0001 0001 .043, .037 .004, .003 .001, .001 entry data data data
1%-
Rearing  30.83x2.52 13.83+1.44*,  16.83x1.70% 22.16+2.18  23.33+2.53#,  29.16+1.66#&,
0001 0001 029 0001, .002 data data data
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Grooming  9.33:0.84 3:0.57*,.0001 1.83:0.9%, 6.16:0.87 55:061°%,  6.83:0.944&,
entry data data data

0001 024,034 024,002
Licking/Cleaning5+1.12 2+0.73 3.33:0.95 2.16+0.87 3.33+1.05 440,85 data data data

Immobility Time66.59+11.17 105.45+4.76  101.42+4.11 83.61+16.76  75.17+12.5 69.64+11.23
data data data

entry
data data data

data data data
data data data

entry data data data
4  data datadata

*p <0.05 vs. the CTRL group, # p <0.05 vs. the CRS group; and & p < 0.05 vs. other treatment groups.

3.5. Effect of Various Treatments on NF-xB and Pro-Inflammatory Cytokine Gene Expression in
Hippocampal Tissues

The mRNA levels of NF-kB and Pro-inflammatory cytokine genes, including IL-1f3, IL-6, IL-18,
and TNF-a in hippocampal tissues were analyzed using real-time PCR. There was a significant up-
regulation of NF-kB and Pro-inflammatory cytokine gene expression in the CRS group, which was
markedly reversed by various treatments. Our results showed that administration of pre-treated
MSCs with L.PS supernatant was more effective than other treatment groups (p <0.05; Figure 6).
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Figure 6. Effect of various treatments on the NF-kB (A) and Pro-inflammatory cytokines gene expression,
including IL-13 (B), IL-6 (C), IL-18 (D) and TNF-a (E) in hippocampal tissues. Data are expressed as the mean *
SEM, * p<0.05 vs. control, # p<0.05 vs. CRS, and & p <0.05 vs. other treatment groups.
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3.6. Effect of Various Treatments on Pro-Inflammatory Cytokine Levels in Hippocampal Tissues

The hippocampal levels of Pro-inflammatory cytokines, including IL-1f3, IL-6, IL-18, and TNF-
a, were analyzed using ELISA. Figure 7 demonstrates that Pro-inflammatory cytokine levels were
significantly increased in the hippocampal tissues of stressed rats compared with control group,
while various treatments reversed cytokine levels, except for IL-6 in the CRS+tMSCs group. Pre-
treated MSCs with L.PS supernatant administration was more effective compared to other treatment

groups (p <0.05; Figure 7).
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Figure 7. Effect of various treatments on the Pro-inflammatory cytokines level, including IL-13 (A), IL-6 (B), IL-

TNF-a levels (pg/ml)

18 (C) and TNF-a (D) in hippocampal tissues. Data are expressed as the mean + SEM, * p <0.05 vs. control, #
p<0.05 vs. CRS, and & p <0.05 vs. other treatment groups.

3.7. Histological Analysis

Dead cells were analyzed by Cresyl violet staining. Figure 8 indicates that in the CRS and
CRS+PBS groups, the number of dead cells in the three areas of CA1 (A), CA2 (B), and CA3 (C) of the
hippocampus increased significantly (p<0.01). Compared with the CRS and CRS+PBS groups,
treatment groups showed a significant reduction in dead cells in DG and CA3 (p<0.01). The highest
injury and decrease in dead cells were related to the DG of the hippocampus (Figure 10). Cresyl violet
staining in the three areas of CAl, CA2, and CA3 of the hippocampus sections revealed severe
damage after 28 days of CRS. All hippocampal areas exhibited nuclear pyknosis, shrunken neurons
and disorganization of the pyramidal cell layer, mostly in CA2 and CA3. The hippocampal tissue of
rats treated with L.PS showed fewer neurons with altered morphology and pyramidal organized cell
layers compared with other groups (Figure 8 (D)).
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Figure 8. Percent of dead cells in areas CA1 (A), CA2 (B), and CA3 (C), and cresyl violet staining illustration (D)
of the hippocampus. Green arrows point to pyknotic nuclei. Data were shown as mean+SEM. * p <0.05 vs. control
and # p<0.05 vs. CRS, and & p <0.05 vs. other treatment groups. x400 magnification, Scale bars, 100 um.

3.8. In Silico
3.8.1. PPI Network Analysis

The construction of the PPI network revealed a complex interplay of inflammation-related
proteins pertinent to MDD pathogenesis. Initiating with a core set of inflammatory markers —NF-«B,
IL-1B, IL-6, IL-18, and TNF-aa—the network was expanded using the STRING database. This
expansion incorporated the NLRP3 inflammasome as a critical node, resulting in a network with 37
nodes and 136 edges, as visualized in Cytoscape (Version 3.10.2). Topological analysis via the
CytoNCA plugin identified 11 highly central genes—IL1A, IL1B, IL6, TNF, IL18, IL1R1, CASP1, IL33,
ILIRN, NFKB1, and NLRP3—based on degree centrality. These genes exhibited degree values
ranging from 34 (IL1A and IL1B) to 23 (NLRP3), with IL1A and IL1B also displaying the highest
betweenness (58.118595) and closeness [1] centrality, underscoring their pivotal roles as network
hubs.
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Figure 9. Protein-Protein Interaction (PPI) Network of Inflammation-Related Genes in MDD. (A)
Comprehensive PPI network in Cytoscape, illustrating the broad connectivity of inflammatory-related proteins.
(B) Subnetwork highlighting the 11 top-ranked genes, IL1A, IL1B, IL6, TNF, IL18, IL1R1, CASP1, IL33, ILIRN,
NFKB1, and NLRP3, selected based on degree centrality, enclosed within a dashed oval. (C) Table of centrality
metrics (degree, betweenness, and closeness) for the top 11 genes, ranked by degree, with a color gradient from

blue (highest degree) to red (lowest among the top 11), emphasizing the centrality of IL1A and IL1B.

3.8.2. KEGG and GO Analysis

The KEGG pathway analysis identified 93 enriched pathways among intersecting gene targets.
The top 20 pathways included significant pathways such as the "Cytosolic DNA-sensing pathway,"
"Legionellosis," and notably, the "NOD-like receptor signaling pathway," which exhibited a fold
enrichment of approximately 150 and a -log10(FDR) of ~12 (Figure 10 (A)). This pathway, detailed in
Figure 10 (B), is critical for innate immune responses, involving NOD1, NOD2, and NLRP3 receptors
that trigger inflammasome formation and cytokine production (e.g., IL-1f3, IL-18). Genes highlighted
in red in Figure 10 (B) indicate differential expression, suggesting their role in MSC-mediated
modulation of inflammation in MDD. The GO analysis identified 1,000 BP, 22 CC, and 44 MF terms.
The top enriched terms for each category are presented in Figures 11 (A), (B), and (C), respectively,
with a false discovery rate (FDR) cutoff of 0.05. The bar graphs display fold enrichment on the x-axis,
with -logl0(FDR) indicated by color intensity. BP enrichment terms highlight the gene set’s
involvement in adaptive immune responses, inflammatory regulation, and responses to bacterial
stimuli, which are relevant to understanding how MSCs may influence immune dysregulation in
MDD. The CC findings indicate that these genes are integral to key signaling complexes involved in
cytokine signaling and innate immune responses, providing a cellular context for their roles in
inflammation and immunity. MF terms reveal the involvement of these genes in modulating cytokine
activities.
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Figure 10. KEGG Pathway Enrichment. (A) Top 20 enriched KEGG pathways identified from the analysis of
intersected gene targets. (B) A detailed schematic of the NOD-like receptor signaling pathway. Genes
highlighted in red indicate those that are differentially expressed or significant in the context of MSC treatment

for MDD, suggesting their involvement in the therapeutic mechanism.
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Figure 11. GO enrichment for key genes: (A) Biological Process, (B) Cellular Component, and (C) Molecular

Function.

3.8.3. Correlation Analysis of Inflammatory Biomarkers with MDD-Associated Genes

The correlation analysis, conducted using the GEPIA tool and the GTEx Brain-Hippocampus
dataset, revealed significant associations between inflammatory biomarkers and MDD-related genes.
For SLC6A4, notable correlations were observed with IL1A, IL6, TNF, IL18, IL1R1, CASP1, IL1IRN,
NFKB1, and NLRP3, with the strongest correlations observed for CASP1 (r = 0.70) and IL1IRN (r =
0.75). For FKBP5, significant correlations were found with IL1A, IL6, IL18, TNF, IL1R1, CASP1, IL33,
IL1RN, NFKB1, and NLRP3, with the strongest correlation observed for NFKB1 (r = 0.62), (Figure 12).
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Figure 12. Correlation Scatter Plots of Inflammatory Biomarkers with SLC6A4 and FKBP5 in MDD. A series of
scatter plots generated using GEPIA and GTEx Brain-Hippocampus data, depicting Pearson’s correlation
coefficients (R) and p-values between the expression of inflammatory genes and MDD-related genes SLC6A4
and FKBP5. Each plot includes regression lines and R? values, with significant correlations (p <0.05) highlighted,

illustrating potential molecular interactions underlying MDD pathogenesis.

3.8.4. Expression Analysis of Inflammation Genes in MDD.

The analysis of GSE76826 dataset from the GEO repository, comprising 12 healthy controls (HC)
and 10 MDD patients, revealed significant differential expression of inflammation-related genes.
Using the 'Limma' package, genes with an adjusted p-value < 0.05 were identified as significantly
differentially expressed. The volcano plot highlighted upregulated genes (IL1RN, IL1B, CASP1) with
log? fold change > 0 and -log10(p-value) > 1.6, and downregulated genes with log2 fold change < 0.
The heatmap illustrated distinct expression patterns, with MDD samples showing higher expression
(yellow) of TNF, IL18, and NLRP3 compared to HC (green). Boxplots for IL1RN, IL1B, and CASP1
confirmed significant differences, with MDD exhibiting elevated expression levels (Figure 13).
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Figure 13. Differential Expression of Inflammation Genes in MDD vs. HC. (A) Volcano plot with points colored
by regulation (green: downregulated, yellow: upregulated, gray: not significant), highlighting key differentially
expressed genes. (B) Heatmap of selected genes (TNF, IL18, NLRP3, NFKB1, ILIRN, IL1B, CASP1) across MDD
(yellow) and HC (green) samples, showing expression intensity. (C) Boxplots comparing expression levels of
IL1RN, IL1B, and CASP1 between HC (green) and MDD (yellow), indicating significant upregulation in MDD.

4. Discussion

This study investigated the effects of BM-MSCs preconditioning with L.PS in an animal model
of chronic restraint stress (CRS)-induced depressive-like behavior. The CRS paradigm, previously
validated for modelling depressive like behavior. We applied a four-week CRS because the duration
of CRS is important; for example, a one-week CRS led to anxiety, whereas a four-week CRS induced
depressive like behavior [42]. In the current study, L.PS preconditioning enhanced the
neuroprotective effects of MSCs in the hippocampus by decreasing the NLRP3 inflammasome-
related pathway, which in turn attenuated depressive like behavior. Additionally, in-silico analysis
revealed the pivotal role of the NLRP3 inflammasome signaling pathway in the pathophysiology of
depression. Current studies show that chronic stress increases the risk of neuroinflammation, a
significant contributor to the initiation and development of depression [43—45]. Consequently, anti-
inflammatory agents play a major role in alleviating MDD [38,46,47]. We found that MSCs alone or
pretreated MSCs can alleviate depressive-like behavior and neuroinflammation induced by chronic
stress. These results are in line with those of previous studies [13,46,48-51]. Another finding that
stands out from the results reported earlier is that pretreatment of MSCs with L.PS was more effective
in mitigating depressive-like behavior compared to other treatment groups. We confirmed that rats
exposed to CRS for 28 days became more immobile and struggled less during the FST, exhibited a
decline in total time in the center, rearing, grooming, prolonged latency time during the OFT, a
decline in escape latency, and spent less time in the target quadrant during the MWM test. These
characteristics are consistent with previous reports [52,53]. These behavioral and cognitive deficits
were reversed following treatment, suggesting that preconditioning MSCs with L.PS may enhance
their ability to modulate stress-induced cognitive and behavioral impairments. Stressors, through
activation of inflammatory pathways, play a key role in the development of depression [15,54-56]. In
the brain, activation of the NLRP3 inflammasome-driven inflammatory response plays an important
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role in the onset of depression [57,58]. The current study confirms that CRS provokes depressive-like
behavior through the hippocampal downregulation of NF-xB and upregulation of key pro-
inflammatory cytokines (IL-1f3, IL-6, IL-18, and TNF-a). Treatment with MSCs mitigated depressive-
like behavior through modulating the NLRP3-related pathway, and MSCs pretreated with L.PS were
more efficient than MSCs alone or MSCs pretreated with fluoxetine. These results accord with recent
studies indicating that these cells have potent positive properties, while preconditioning with
probiotics, in particular, improved this effect [25,26]. Similarly, all treatments reduced corticosterone
levels, with the L.PS-pretreated MSCs demonstrating the most significant effect. Dysregulation of the
hypothalamus-pituitary-adrenal (HPA) axis often explains the initial mechanism linking chronic
stress, inflammation, and depression, and the male behavioral response is more evident and more
closely associated with variations of corticosterone than in females [59,60]. L.PS-pretreated MSCs
may help restore normal HPA axis function, and their strongest effect may be related to the previous
findings that probiotics can modulate stress responses via the gut-brain axis. Another possible
explanation could be the potential synergistic effects of combining probiotics with stem cell therapy
[26,61,62].

Chronic stress does not necessarily cause behavioral alterations. It changes physiological
parameters, which may lead to stress-related health issues. As a result, in the present study, we
assessed physiological parameters such as body weight variations and blood glucose levels [63].

The impact of depression on body weight changes has been a controversial topic with conflicting
evidence [64]. While anorexia and subsequent weight loss were formerly thought to be a key
symptom of depression, current evidence increasingly indicates that depression predicts
hyperphagia and subsequent weight gain more frequently than weight loss [65]. The surprising
finding of our study was that stress-exposed rats experienced significant weight loss, while weight
recovery in the L.PS-pretreated MSCs group was better than in other treatment groups. This finding
contradicts previous studies suggesting that oral administration of L.PS can reduce body weight
[66,67]. One possible explanation for this can be attributed to the route of administration, which can
significantly change the effects of an intervention and dramatically influence the pharmacokinetic
properties of the drug [68]. Another possibility is that we did not apply food control in this study,
which may have affected the outcome.

Depression significantly increases the risk of hypoglycemia and hyperglycemia. There is also a
reciprocal relationship between depression and hypoglycemia/hyperglycemia [69]. The current
investigation found that CRS-induced depressive like behavior significantly decreases blood glucose
levels, which were significantly reversed in the treated groups. Reduced blood glucose levels may be
linked to chronic inflammation, which disrupts hormonal balance and central glucose sensing and
exacerbates depressive-like behavior. Our therapies with anti-inflammatory properties reduce
inflammation, restore neuroendocrine and metabolic functioning, and increase blood glucose
recovery. These findings are consistent with existing research on the bidirectional link between
depression, inflammation, and glucose metabolism [69-71].

The present study found that pretreatment of MSCs with L.PS reduced histological damage and
neuronal loss in the hippocampus. This therapeutic response was associated with improved
inflammation and spatial memory performance. An important finding of the current study was that
most hippocampal damage occurred in the CA2 and CA3 regions, which a recent study has
supported [72]. The observed regional differences in histological analysis may be related to the
finding that stress stimulates the HPA axis, leading to increased secretion of corticosterone, the
primary glucocorticoid in rodents. It acts through two types of receptors: the mineralocorticoid (MR)
and glucocorticoid receptor (GR). Each receptor has a different distribution and affinity in specific
areas of the hippocampus; therefore, each of these regions may be affected differently [73].

We performed bioinformatic analysis, and PPI network analysis revealed the top-ranked genes
associated with depression, including IL1A, IL1B, IL6, TNF, IL18, IL1R1, CASP1, IL33, IL1RN,
NFKB1, and NLRP3. Previous studies have implicated these genes in the onset, progression, and
remission of depression [74,75]. Our results revealed a complex interplay of inflammation-related
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proteins pertinent to MDD pathogenesis. This complexity reflects the multifactorial connection
between depression and inflammation, highlighting the importance of exploring novel and
combinational therapies in addition to classical treatments [76]. Following that, GO analysis focused
mostly on inflammation-related components, while KEGG analysis revealed that the majority of
genes were enriched in the NOD-like receptor signaling pathway. Furthermore, the correlation
analysis found significant associations between inflammatory biomarkers and MDD-related genes,
including SLC6A4 and FKBP5. SLC6A4 encodes an important membrane protein that transports the
neurotransmitter serotonin. This gene is not only involved in modulating antidepressant response
but has also been associated with inflammatory processes [77]. Our findings may provide additional
support for the anti-inflammatory properties of antidepressants through these complicated processes
[78]. FKBP5 influences glucocorticoid receptor (GR) sensitivity, playing a key role in systemic
inflammation-induced neuroinflammation and GR activation within the hippocampus [79]. These
findings suggest that both SLC6A4 and FKBP5 are promising targets for evaluating the
preconditioning of MSCs in depression for future exploration of the exact mechanisms involved. The
examination of the GSE76826 dataset from the GEO collection indicated significant upregulation of
inflammation-related genes, particularly TNF, IL18, and NLRP3. we previously showed the pivotal
role of NLRP3 inflammasome upstream in depression. in the current study, we evaluated its
downstream, including NF-xB, IL-1p3, IL-6, IL-18, and TNF-a. Finally, the in-silico analysis approved
our work and highlighted the importance of evaluating and targeting this pathway in the context of
depression.

5. Conclusions

In conclusion, this research provides evidence supporting the benefits of using cell-based
therapies to reduce depressive-like behavior, and therefore we recommend their use in future
preclinical studies. Specifically, we found that MSCs pretreated with L.PS significantly alleviated
CRS-induced depressive-like behavior, which may be partly due to the suppression of NLRP3-
mediated neuroinflammation. Finally, although inflammation and pro-inflammatory mediators play
a crucial role in the pathophysiology of depression, other contributing mechanisms such as
autophagy, oxidative stress, altered monoaminergic systems, vascular changes, and decreased
neurogenesis and neuroplasticity were not examined in this study. Additional research should be
conducted to explore these pathways.
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The following abbreviations are used in this manuscript:

a-MEM Alpha-minimal essential medium
BM-MSCs Bone marrow-derived mesenchymal stem cells
BP Biological Process

BSA Bovine Serum Albumin

CASP1 Caspase 1

CcC Cellular Component

CRS Chronic Restraint Stress

DBS Deep Brain Stimulation

DMEM Dulbecco’s Modified Eagle Medium

DMSO Dimethyl Sulfoxide

DSM-1V Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
ECT Electroconvulsive Therapy

FDR False Discovery Rate

FBS Fetal Bovine Serum

FITC Fluorescein Isothiocyanate

FKBP5 FK506 Binding Protein 5 Gene

FMO Fluorescence Minus One

EST Forced Swim Test

GEO Gene Expression Omnibus

GEPIA Gene Expression Profiling Interactive Analysis
GO Gene Ontology

GR Glucocorticoid Receptor

GTEx Genotype-Tissue Expression

HC Healthy Controls

HPA Hypothalamus-Pituitary-Adrenal

icv Intracerebroventricularly

IL-1B Interleukin-1 beta

IL-1R1 Interleukin-1 Receptor Type 1

IL1IA Interleukin 1 Alpha

IL18 Interleukin 18

IL1B Interleukin 1 Beta

IL1IRN Interleukin 1 Receptor Antagonist

IL33 Interleukin 33

IL6 Interleukin 6

KEGG Kyoto Encyclopedia of Genes and Genomes
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L.PS Lactobacillus plantarum Supernatant

Log2FC Log?2 Fold Change

MDD Major Depressive Disorder

MF Molecular Function

MR Mineralocorticoid Receptor

MRS Man Rogosa Sharpe

MSCs Mesenchymal Stem Cells

MTT 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
MWM Morris Water Maze

NE-«xB Nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP3 NOD-, LRR- and pyrin domain-containing protein 3
OD Optical Density

OFT Open Field Test

PBS Phosphate-buffered saline

PE Phycoerythrin

PPI Protein-Protein Interaction

rpm Revolutions per minute

SLC6A4 Serotonin Transporter Gene

TNF Tumor Necrosis Factor

TNF-a Tumor Necrosis Factor-alpha

TPP Treatment-Prevalence Paradox

VNS Vagus Nerve Stimulation

a-MEM Alpha-minimal essential medium

BM-MSCs Bone marrow-derived mesenchymal stem cells
BP Biological Process

BSA Bovine Serum Albumin

CASP1 Caspase 1

CcC Cellular Component

CRS Chronic Restraint Stress

DBS Deep Brain Stimulation

DMEM Dulbecco’s Modified Eagle Medium

DMSO Dimethyl Sulfoxide

DSM-IV Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
ECT Electroconvulsive Therapy

FDR False Discovery Rate

FBS Fetal Bovine Serum

FITC Fluorescein Isothiocyanate

FKBP5 FK506 Binding Protein 5 Gene

FMO Fluorescence Minus One

FST Forced Swim Test

GEO Gene Expression Omnibus

GEPIA Gene Expression Profiling Interactive Analysis
GO Gene Ontology

GR Glucocorticoid Receptor

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1685.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 July 2025 d0i:10.20944/preprints202507.1685.v1

23 of 32
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