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Abstract

Background: Major depression is a significant source of suffering and economic loss.
Despite efforts to understand this condition and find better treatments, the burden imposed
by this disease continues to rise. Most approved pharmacological treatments for depression
focus on controlling the availability of monoamines in synapses. However, accumulating
evidence suggests that neuroinflammation, oxidative stress, and reduced hippocampal
neurogenesis play key roles as causal factors in the development of major depression
symptoms. Therefore, preclinical testing of pharmacological approaches targeting these
factors is essential. Mesenchymal stem cells (MSCs) are known for their potential as
powerful antioxidants and anti-inflammatory agents, exerting neuroprotective actions in
the brain. They produce various therapeutic molecules in a paracrine manner, collectively
known as secretome. Methods: In this work, we evaluated the antidepressant potential of
repeated intranasal administration of MSC-derived secretome in an animal model of major
depressive disorder induced by chronic mild unpredictable stress. Results: We observed
that intranasal administration of MSC-derived secretome reduced the appearance of some
of the behavioral parameters commonly associated with major depression, including
anhedonic, apathetic, and anxious behaviors, inducing a strong reduction in the overall
depression score compared to vehicle-treated animals. At the structural level, secretome
administration prevented increased astrocyte density and the atrophy of astrocyte processes
observed in vehicle-treated stressed animals. Additionally, secretome administration
induced an increase in myelin levels and oligodendroglia in the cortex. Conclusions: Our
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data suggests that intranasal administration of MSC-derived secretome may represent a
potential therapeutic alternative to current treatments for this devastating pathology.

Keywords: depression; CUMS; mesenchymal stem cell; secretome

1. Introduction

Suffering from major depression, characterized by symptoms such as a depressed
mood, reduced interest in pleasurable activities, slowing down of thoughts, fatigue, feelings
of worthlessness, recurrent thoughts of death, and suicidal ideation [1], significantly reduces
the quality of life of patients and their close relatives. Therefore, this disease has been
catalogued as one of the most debilitating mental illnesses [2]. It affects more than 350
million people worldwide [3], making it one of the leading causes of disability globally [2,4].

Pharmacological treatment for major depression currently focuses on regulating
monoamine transmission. The first generation of antidepressant drugs consisted of
monoamine oxidase inhibitors, which were later replaced by serotonin reuptake inhibitors
such as fluoxetine. However, the efficacy of these treatments is far from optimal, as a large
meta-analysis has shown only a modest difference between placebo and these antidepres-
sant drugs [5].

The fact that drugs that increase synaptic levels of monoamines have some antidepres-
sant effects led to the development of the monoamine hypothesis for depression [6]. This
hypothesis posits that a deficiency in monoamine transmission, particularly in serotonin
and noradrenaline, is the underlying physiological cause of the depressed state. However,
this hypothesis fails to explain the time gap between the rapid antidepressant action at the
molecular level (i.e., rapid increases in monoamine concentration) and the much slower
reversal of symptomatology [7]. An alternative theory addresses this limitation, the neu-
rogenesis hypothesis of depression, which suggests that the reduction of hippocampal
neurogenesis due to chronic stress is a key factor in the induction of depression [8].

Supporting evidence for the role of reduced hippocampal neurogenesis in producing
or maintaining depressive symptoms has been provided by studies showing that several
antidepressants increase adult hippocampal neurogenesis [9,10]. Moreover, this neurogenic
effect of antidepressants is essential for their efficacy, as inhibiting adult hippocampal
neurogenesis revokes their clinical effects [11]. Interestingly, the timeline for the impact of
these drugs on depressive symptoms mirrors their effect on hippocampal neurogenesis,
supporting a possible causal link between both effects. Nevertheless, disruption of hip-
pocampal neurogenesis by, for example, X-ray radiation of the hippocampus is insufficient
to induce a depressive state and does not affect sensitivity to stress concerning depressive-
like behavior [12], suggesting that depressive physiology is more complex and involves
additional factors. One such potential factor is neuroinflammation. Various stressors acti-
vate inflammatory pathways. It has been reported that stressful psychosocial events induce
adrenergic stimulation, which activates NF-«B, a potent inducer of inflammatory gene
expression [13]. Moreover, chronic stress is a known fundamental contributor to the de-
velopment of depression. Thus, the association between stress and inflammation suggests
that inflammation could be a central component in linking stress to depression [14,15].

In general, inflammation is a protective response and a high-energy-demanding pro-
cess. An inflammatory response is important for controlling infections, which are more
likely to occur in conditions that induce stress. For example, in the case of stress caused
by social interactions, a concomitant inflammatory state can be explained, in evolutionary
terms, as an anticipatory response to a high probability of injury and subsequent infec-
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tion. In fact, the relationship between psychosocial stress and inflammation appears to be
strong, as childhood trauma, a significant risk factor for depression, is associated with a
proinflammatory state in adulthood [16].

Inflammation is often accompanied by sickness behavior (e.g., prostration, reduced
feeding, and decreased exploratory behaviors), which shares striking similarities with a
depressed state. Therefore, it is reasonable to speculate that inflammation plays a con-
tributory role in the depressed state, rather than simply coexisting with it. In line with
this, intraperitoneal lipopolysaccharide (LPS) injection in rats induced a depressed state
that correlated with LPS-induced alteration in the resting-state brain activity [17]. More-
over, in depressed patients, an inflammatory state was associated with anhedonia and
decreased connectivity between the ventral striatum and the ventromedial prefrontal cortex
(vinPFC) [18]. The analysis of resting-state functional magnetic resonance imaging data
from depressed patients with varying levels of inflammation shows that inflammation
contributes to network dysfunction and the associated symptomatology in depression [19].
However, currently available antidepressants primarily increase monoamine transmission
and do not target inflammation or neurogenesis. Therefore, it is highly relevant to test the
effect of anti-inflammatory and neurogenic agents in the treatment of depression.

Mesenchymal stem cells (MSC), an adult type of stem cell known as the “guardians
of inflammation” [20], have emerged as a promising therapeutic tool for treating complex
neurological diseases. When these cells are preconditioned through in vitro incubation
with proinflammatory molecules, they produce a broad array of therapeutic molecules,
including anti-inflammatory cytokines and neuroprotective factors, among others [21].
Due to their strong anti-inflammatory and neuroprotective potential, MSC transplantation
or administration of conditioned media derived from these cells (known as secretome)
has been successfully tested in both preclinical and clinical studies for treating various
pathologies associated with neuroinflammation, including ischemic stroke [22,23], perinatal
brain injury [24], perinatal asphyxia [25], amyotrophic lateral sclerosis [26], traumatic
brain injury [27], experimental autoimmune encephalomyelitis [28], and chronic pain [29],
among others.

Adipose tissue-derived MSCs, administered by intravenous injection, have recently
been shown to reduce depressive behavior and inflammation in a chronic model of de-
pression induced by stress in mice [30]. Nevertheless, there are safety concerns regarding
the systemic administration of stem cells, including the risk of tumor induction, infection,
cell aggregation, and thrombosis [27]. Therefore, to advance towards a clinically feasible
approach, these promising results should be tested using a safer biodrug.

In this study, we used male rats subjected to a chronic unpredictable mild stress
(CUMS) protocol for 8 weeks to induce a depressive state. Then, animals were treated
non-invasively with weekly intranasal administrations of secretome derived from in vitro
preconditioned human adipose tissue-derived MSC (hAD-MSC). To contextualize our
preclinical model within clinical nosology, outcomes modeled by CUMS paradigms are
most closely related to major depressive disorder (ICD-10: F32, F33) [31]. We observed
that treated animals showed a significant reduction in their depression score compared
to vehicle-treated animals. Secretome administration reversed anhedonic, apathetic, and
anxious behaviors. These behavioral improvements were correlated with a decrease in
stress-induced astrocyte activation and an increase in myelin levels and oligodendroglia
cell density, suggesting that this biodrug holds antidepressant potential.
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2. Materials and Methods
2.1. Animals

Thirty-six adult male Sprague Dawley rats were obtained from the Pontifical Catholic
University of Chile. The rats weighed 190-210 g at the start of the 1% sucrose solution
adaptation and approximately 280-300 g when beginning the CUMS protocol. Rats in
the control group (non-stressed) were housed in pairs within cages that contained an
enriched environment, including a red transparent plexiglass tube and shredded paper,
to prevent low-grade “boredom” stress that can develop in barren or standard housing.
Although traditionally considered neutral, such environments can elevate basal corticos-
terone levels and subtly decrease exploratory behavior over time [32]. Animals in the
stress groups, however, were housed individually in standard conditions because adding
environmental enrichment could have partially mitigated the stressors and confounded
group differences. The only exception for the stress group was social crowding, which was
used as a stressor. Food and water were provided ad libitum, except when deprivation
was used as a stressor. A standard 12 h light/dark cycle (lights on from 6 am to 6 pm) was
maintained. All procedures received approval from the Universidad del Desarrollo Animal
Ethics Committee.

2.2. Outline of the Study

All rats were acclimatized to the facility for two weeks before initiating the protocol.
Two days before starting the stress procedure, all rats underwent behavioral testing to
obtain baseline performance measurements. Based on body weight and the sucrose pref-
erence test (SPT), rats were randomly assigned to one of two groups: the control group
(n = 12), which was not subjected to stress, and the CUMS group (1 = 24), which underwent
the CUMS protocol. Every 7 days for 11 weeks, 1% sucrose consumption and body weight
were measured. At week 8 of the protocol, all rats were tested for behavioral performance,
and the CUMS rats were subdivided into two subgroups based on weight and baseline
performance to ensure group homogeneity: CUMS + vehicle group (1 = 12) and CUMS
+ secretome group (n = 12). The stress protocol continued for an additional three weeks,
during which four intranasal doses (administered every five days) of either vehicle or secre-
tome derived from preconditioned MSCs were given (see below). Seventy-two hours after
the last secretome or vehicle administration, behavioral tests were performed. Twenty-four
hours after the last behavioral test, rats were deeply anesthetized by inhalation of isoflu-
rane vapors, and blood samples were collected via cardiac puncture. The animals were
then immediately perfused with 180 mL of a washing solution composed of 0.4% dextrose,
0.8% sodium chloride, and 0.8% sucrose. After intracardiac perfusion, the brain was quickly
isolated, and one hemisphere was rapidly dissected on ice. Samples of the prefrontal cortex
(PFC) and hippocampus (HP) were collected and frozen at —80 °C for expression analysis
of proinflammatory cytokines and neurotrophic factors. The other hemisphere was fixed
in 4% paraformaldehyde (PFA) for 3 days, incubated in PBS containing 10% sucrose for
2 days, and subsequently 30% sucrose for 4 days at 4 °C before immunofluorescence
analysis. A detailed experimental timeline is presented in Supplementary Figure S1.

2.3. Chronic Unpredictable Mild Stress (CUMS) Procedure

The CUMS procedure in this study lasted for 11 weeks. Each rat selected for the CUMS
protocol was subjected to one stressor per day, chosen from a set of six stressors, which
included: (i) wet bedding and cage tilt for 22 h; (ii) food and water deprivation for 22 h;
(iii) stroboscopic light exposure for 8 h; (iv) social crowding within animals from the same
treatment group for 22 h; (v) immobilization for 2.5 h; and (vi) immobilization for 2 h,
plus stroboscopic light exposure for 2 h. Stressors were applied in a semi-random order to
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reduce predictability and ensure that consecutive stressors did not involve limited access
to food and water.

2.4. Behavioral Tests

All behavioral tests were conducted between 8:00 and 14:00 h, recorded and ana-
lyzed using the ANY-maze video tracking system (version 6.35, Stoelting Co. Wood Dale,
IL, USA).

Sucrose preference test (SPT): Two weeks before starting the stress protocol, rats were
exposed to two glass bottles: one containing 150 mL of autoclaved tap water and the other
150 mL of 1% (w/v) sucrose solution, for 18 h over four consecutive days. This procedure
familiarized the animals with this sweet solution and reduced neophobia. Sucrose intake
was measured for 1 h once a week throughout the CUMS protocol. After 30 min of
testing, the position of the bottles was swapped to eliminate consumption bias due to place
preference. Consumption was calculated by comparing the bottle weight before and after
the 1 h test. The intake was expressed as a percentage of sucrose preference using the
formula: sucrose preference (%) = sucrose solution consumption (mL) x 100/total liquid
intake (mL).

Open field test (OFT): The open field consisted of 100 cm x 100 cm base, 40 cm high,
with a wooden inner part painted black. Rats were placed in the center, and their locomotor
activity was recorded for 5 min using a video camera placed in a zenithal position. The
OFT arena was cleaned with 60% ethanol before placing a new animal. The room was lit
by a soft white light (50-60 lux). Testing began at 8 a.m., and no stressor was applied to
the rats for at least 12 h before the test. The following outcomes were automatically scored:
total distance traveled, time spent in the center, and thigmotaxis (tendency to remain near
the walls).

Coat state (CS): Coat state was assessed as an indicator of grooming efficiency. The
condition of the animal’s coat was visually inspected, and eight body parts were evaluated:
head, neck, dorsal coat, ventral coat, genital region, forepaws, hindlegs, and tail. A score
of 0 was assigned for a clean coat, and 1 for a dirty or disheveled coat in each of the eight
areas. To ensure consistency, all the rats were assessed by the same pair of investigators in
a blind manner.

Sucrose splash test (SST): A 10% sucrose solution was sprayed on the dorsal coat of
the animals (cephalic, middle, and caudal area). This induced grooming behavior, and the
rats were then placed back in their home cage and recorded for 5 min to analyze animal
grooming activity. The test was performed under a red light. An investigator manually
scored the following behavioral parameters: cumulative duration of grooming, number of
grooming bouts, average duration of a single bout, and grooming bout patterns.

Female urine sniffing test (FUST): This test monitors hedonic behavior in male rodents.
Rats were exposed to the smell of urine obtained from female rats in the estrous phase.
The rat was placed inside its cage, and 1 h before starting the test, it was habituated to a
sterile cotton-tipped applicator inserted in the grid of the cage. This test was performed
under a red light and recorded for 3 min. The test consisted of three phases: (i) exposure to
the cotton-tipped applicator wetted with 20 uL of water for 3 min during which sniffing
duration was recorded; (ii) a 45 min rest period; and (iii) exposure for 3 min to a cotton-
tipped applicator infused with 20 uL of pool fresh urine from female rats of the same strain
in the estrous phase. Sniffing duration was recorded and measured.

2.5. Determination of Global Depression Score

To assess the depressive state of the rats, a global score was calculated, modified
from Ardi et al. [33]. The control group’s behavioral test results were used to calcu-
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late the mean =+ standard deviation. Cut-off points were determined by multiplying
the standard deviation by 1, 2, 3, and 4. A value of 0 was assigned to results within
+1 standard deviation (indicating no change or depression), 1 for &2 standard deviations,
2 for 3 standard deviations, 3 for +4 standard deviations, and 4 for results greater than
4 standard deviations, indicating a greater depressed state [33].

2.6. Isolation, Expansion and Characterization of Human AD-MSCs

hAD-MSCs were isolated from fresh subcutaneous adipose tissue samples obtained
from liposuction aspirates (abdominal region) of patients undergoing cosmetic liposuction.
All patients provided written informed consent at the Clinica Alemana, Santiago, Chile,
as previously reported [34]. All protocols were approved by the Ethics Committee of the
Medical Faculty, Clinica Alemana-Universidad del Desarrollo. After two subcultures, cells
were characterized based on their adipogenic and osteogenic differentiation potential and
by the expression of surface markers, as previously reported [34].

2.7. Preconditioning of hAD-MSCs and Secretome Generation

Human AD-MSCs (passage 3) were cultured in minimal essential medium («-MEM,
Gibco) supplemented with 10% fetal bovine serum (FBS; HyClone), and 0.16 mg/mL
gentamicin (Sanderson Laboratory, Santiago, Chile) at 37 °C and 5% CO,. To enhance the
production of antioxidant, anti-inflammatory, and neurotrophic factors, when cells reached
a 70% confluence they were preconditioned by incubation with 10 ng/mL TNF-« and
15 ng/mL IFN-y (R&D System, Minneapolis, MN, USA) for 40 h [35]. After preconditioning,
cells were washed three times with phosphate-buffered saline (PBS) and incubated for
48 h with x-MEM without phenol red and FBS. The culture medium (secretome) was then
collected and centrifuged at 400 g for 10 min to remove all detached whole cells. The
supernatant was subjected to a second centrifugation at 5000 g for 10 min to remove cell
debris. This process reduces contamination of the secretome with proteins released from
cell rupture. After that, the secretome was filtered using 0.22 um filters and concentrated
50 times (v/v) using 3 kDa cutoff filters (Millipore, Darmstadt, Germany). The concentrates
were then washed with 15 mL of saline to remove all small molecules present in the culture
medium and reconcentrated using the same filters. Consequently, after these concentration
steps, the secretome contained only the molecules larger than 3 kDa, resuspended in
saline [35]. The protein concentration was determined by the BCA protein assay kit
(Thermo Scientific, Waltham, MA, USA) and the secretome was frozen at —80 °C until use.

2.8. Evaluation of mRNA Levels of Neuroprotective and Anti-Inflammatory Factors in
Preconditioned hAD-MSCs

After preconditioning, total RNA was purified from hAD-MSCs using TRIzol (In-
vitrogen, Carlsbad, CA, USA). RNA isolated from naive hAD-MSCs (same donor, no
preconditioning) was used as a control. One microgram of total RNA was used to perform
reverse transcription with MMLYV reverse transcriptase (Invitrogen, Carlsbad, CA, USA)
and oligo-dT primers. Real-time PCR was performed to amplify the mRNA of neuro-
protective factors (BDNF, NGF, bFGF, and VEGF-a) and anti-inflammatory factors (IL-10,
IL-5, TSG-6, and indoleamine 2-3 dioxygenase (IDO) using a SYBERGreen reaction kit
(Roche, Basel, Switzerland) in a Light-Cycler 1.5 thermocycler (Roche, Basel, Switzerland).
Relative quantifications were performed using the AACT method. The mRNA level of each
target gene was normalized against the mRNA level of the house-keeping gene (3-actin for
each sample.
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2.9. MSC-Secretome Intranasal Administration

Eight weeks after the initiation of the CUMS protocol, rats in the CUMS-vehicle and
CUMS-secretome groups were anesthetized by intramuscular administration of ketamine
(60 mg/kg) and acepromazine (4 mg/kg) and kept in a supine position on a thermic pad
during and after intranasal delivery of saline (0.9% NaCl) or secretome, respectively. Using
a pipet, 20 pL of the solution was administered 1-2 mm away from each nostril. The
rat quickly absorbed the drop. Five minutes later, the same procedure was repeated for
the other nostril, with four doses in each nostril over 40 min. A total volume of 160 uL,
containing 25 pg of secretome proteins (derived from 1 x 10° preconditioned MSCs), was
administrated intranasally in four doses on days 57, 64, 71, and 74 of the CUMS protocol.
As a control, 160 uL of saline (0.9% NaCl) was administered using the same procedure.

2.10. Immunohistofluorescense and Microscopy Image Analysis

The telencephalon was cut into 30 pm-thick frozen slices. Six coronal slices from the
hippocampus (HP) and medial prefrontal cortex (mPFC) were analyzed from each group.

Glial fibrillary acidic protein (GEAP) and ionized calcium-binding adaptor molecule 1 (Iba-1)
double labeling: Sections from the HP and mPFC were blocked with PBS containing 10%
normal goat serum (NGS), 1% bovine serum albumin (BSA), and 0.3% Triton at room
temperature for 1 h. Sections were then incubated with a rabbit polyclonal anti-Iba-1
antibody (1:400 dilution, Wako Pure Chem, Osaka, Japan) and a mouse monoclonal anti-
GFAP antibody (1:500 dilution, Sigma-Aldrich, Darmstadt, Germany) overnight at 4 °C.
After rinsing with PBS-Triton 0.1%, sections were incubated with an Alexa Fluor-488 donkey
anti-mouse antibody (1:500 dilution, ThermoFisher, Waltham, MA, USA)and Alexa Fluor-
594 donkey anti-rabbit antibody (1:400 dilution, ThermoFisher, Waltham, MA, USA) at
room temperature for 2 h. After rinsing with TBS-Tween 0.1%, samples were incubated
with DAPI (1:100 dilution, Sigma-Aldrich, Darmstadt, Germany). Images were acquired
using a laser scanning confocal microscope (Spectral C2+). Three stratum radiatum sites
of the CA1 region of HP and the area corresponding to the mPFC were scanned to assess
astrocyte activation (GFAP expression) and microglia activation (Iba-1 expression).

Myelin binding protein labeling: Prefrontal cortex slices were prepared in PBS at 4 °C
and permeabilized with 1% Triton X-100 and 4% NGS for 2 h. Immunostainings for Olig2
and MBP were performed using a rabbit anti-Olig2 antibody (1:500 dilution, Invitrogen,
Carlsbad, CA, USA), and a chicken anti-MBP antibody (1:800 dilution, Invitrogen, Carlsbad,
CA, USA), diluted in 0.2% Triton X-100 and 4% NGS. Slices were incubated with primary
antibodies for 2 nights, followed by 2 h exposure at room temperature to secondary
antibodies coupled to Alexa Fluor-555 (1:500 dilution, Invitrogen, Carlsbad, CA, USA)
and Cyanine-based Fluorescent-405 (1:500 dilution, Sigma-Aldrich, Darmstadt, Germany).
Confocal images from cingulate, limbic and infralimbic cortices were acquired using a
%20 (NA = 0.8; 1.5-pm z-step) with an LSM 710 confocal microscope (Zeiss). Images were
processed using the NIH’s Image] Fiji software version 2.9.0 as previously described [36].
To analyze the MBP staining intensity, images were acquired using the same parameters of
acquisition (laser power = 0.6, digital gain = 1170, offset = —1043, scanning velocity = 6,
1024 x 1024 resolution, 2 lines of averaging, and 16-bit image). The analysis was performed
on Z-projections built from 16 stacks of 1.29 um deep [voxel 0.415 x 0.415 x 1.297 um?].
Integrated optic densities were quantified using the threshold tool (B&W default option,
Image] (v. 1.54g) after removing outliers (at 50%, process tool). The particle density of
Olig2+ was calculated by dividing the number of particles (using the particle analysis tool,
with a size range of 0-100 um?, and circularity 0.00-1.00) by the total area.

For all immunofluorescence experiments, negative controls were generated by omit-
ting the primary antibodies.
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2.11. Gene Expression Analysis

Frozen HP and PFC samples were collected in tubes containing 500 pL of TRIzol
(Invitrogen, Carlsbad, CA, USA), and total RNA was isolated following the manufacturer’s
instructions. One microgram of total RNA was used to perform reverse transcription
with MMLYV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and oligodT primers.
Real-time PCR reactions were performed in a 10 pL final volume containing 50 ng cDNA,
PCR Light Cycler-DNA Master SYBER Green mix (Roche, Basel, Switzerland), 3 mM MgCl,,
and 0.5 uM of the primers to amplify the proinflammatory factors TNF-«, IL-13, and IL-6
and the neurotrophic factors BDNF and NFG using a Light-Cycler 1.5 thermocycler (Roche,
Basel Switzerland). Controls without reverse transcriptase were included to confirm that
amplicons were derived from mRNA and not genomic DNA. Relative quantification was
performed by the AACT method. The mRNA level of each target gene was normalized
against the mRNA levels of the housekeeping gen (3-actin of each sample.

2.12. Statistical Analysis and Sample Size Determination

Statistical analyses were performed using GraphPad Prism software version 6.01.
For behavioral experiments, one-way ANOVA followed by Sidak’s post hoc tests was
used. When only two groups were compared, statistical significance was determined
using Student’s t-test. Significance was set at p < 0.05, and all data are presented as mean
+SEM. Full statistical analyses of each figure are presented in the corresponding figure
legends. The sample size determination was based on the sucrose preference test, a primary
readout of anhedonia and thus a proxy for depressive-like behavior in preclinical models.
We expected the normal control group to exhibit a sucrose preference of approximately
80-90%, and stressed animals to show a reduced preference of about 60-65%, with a
standard deviation of 10%. Using G*Power 3.1.9.2 for a two-tailed independent-samples
t-test (difference between two independent means), with an expected mean of 80% in
the treated /normal group and 60% in the stressed group, a standard deviation of 10%,
alpha of 0.05, and power of 0.95, the required sample size was 7 rats per group. Consid-
ering strain-specific heterogeneity in stress susceptibility and an estimated 30% rate of
stress resilience, we increased the planned sample size to 10 rats per group to preserve
statistical power.

3. Results

3.1. hRAD-MSC Preconditioning to Improve the Production of Neuroprotective and
Anti-Inflammatory Factors

It has been reported that hAD-MSCs can produce a broad array of therapeutic
molecules, and this paracrine potential can be further enhanced through preconditioning of
the cells by in vitro incubation with proinflammatory cytokines, which increases the secre-
tion of beneficial factors [35]. In agreement with this, we found that the preconditioning of
hAD-MSCs with TNF-o« and IFN-y for 40 h significantly increased the mRNA levels of the
neuroprotective factors BDNF, NGF, bFGF, and VEGF-a, compared to non-preconditioned
(naive) hAD-MSCs (p < 0.05 to <0.0001, Figure 1A). A similar trend was observed in the
production of anti-inflammatory molecules, where the incubation of hAD-MSCs with proin-
flammatory cytokines greatly increased the mRNA levels of anti-inflammatory molecules
including IL-5, IL10, TSG-6, and IDO, compared to non-preconditioned hAD-MSCs
(p < 0.01 to <0.0001, Figure 1B). A more detailed description of the composition of the
secretome derived from preconditioned MSCs is available in previous reports from our
laboratory [37,38], particularly of its enrichment in proteins related to cell cycle control and
proliferation, growth factors, and organization of the extracellular matrix, as well as to the
immune response and lipid metabolism.
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Figure 1. Preconditioning of hAD-MSCs to improve their therapeutic potential. (A) mRNA levels
of neuroprotective factors BDNF, NGF, bFGF, and VEGF-a evaluated by RT-qPCR using total RNA
obtained from hAD-MSCs after 40 h of preconditioning with the proinflammatory cytokines TNF-«
and IFN-y or vehicle (naive MSC). (B) mRNA levels of anti-inflammatory factors IL-5, IL-10, TSG-6,
and IDO evaluated in same samples as in (A). Data for each target gene was normalized against
mRNA level of housekeeping gene [3-actin in the same sample and presented as fold change in
expression of preconditioned MSCs compared to naive MSCs. Data are shown as mean + SEM. n =3
per experimental condition. (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 vs. naive hAD-MSCs,

Student’s t-test).

3.2. Neurovegetative and Behavioral Evaluations

Animals in both the control and CUMS groups started the experiment with comparable
age and weight. However, after four weeks of stress, animals in the CUMS group began
to show a reduced rate of body weight gain compared to the control group (p < 0.05).
This difference in body weight persisted over the 11-week experimental period (p < 0.001)
(Supplementary Figure S2).

3.3. Changes in Hedonic-Driven Behaviors

To assess the development of a reduction in the ability to experience pleasure, i.e.,
anhedonia, which is a central symptom in depressed patients, animals were tested in
the sucrose preference test. In the CUMS group, after 8 weeks of stress, there was no
significant reduction in the percentage of sucrose solution consumption relative to water
when compared to the control group (Figure 2A). The intranasal administration of four
doses of MSC-derived secretome did not result in a change in sucrose intake at week 11,
as compared to the CUMS group treated with vehicle or the control animals (Figure 2B).
In contrast, another hedonic behavior related to sexual motivation, i.e., the exploration
of the scent of a sexually receptive female, assessed by the female urine sniffing test, was
sensitive to the chronic stress exposure. CUMS animals showed a significant reduction
in the time spent exploring the urine-damped cotton, indicating a reduction in sexual
motivation compared to the control group (p < 0.05, Figure 2C). However, this reduction in
sexual motivation did not reach statistical significance at week 11 due to the reduction in the
number of animals in each experimental group. The time spent exploring the urine-damped
cotton was greater in the secretome-treated CUMS animals compared to vehicle-treated
CUMS animals, though this increase did not reach statistical significance (Figure 2D).
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Figure 2. Anhedonia behavioral tests. (A) Sucrose preference (%) of rats subjected to 8 weeks of
CUMS protocol and non-stressed animals (n = 12 control, n = 22 CUMS). (B) Sucrose preference of
rats subjected to 11 weeks of CUMS protocol and treated with four intranasal doses of secretome
derived from preconditioned hAD-MSCs or vehicle. Non-stressed animals were used as control
(n = 12 control, n = 11 CUMS + Vehicle (CUMS + V), n = 11 CUMS + Secretome (CUMS + S)).
(C) Female urine sniffing test: cumulative interaction time (%) with estrous phase urine of rats
subjected to 8 weeks of CUMS protocol and non-stressed animals (1 = 12 control, n = 22 CUMS).
* p < 0.05, Mann-Whitney test. (D) Female urine sniffing test: cumulative interaction time (%) with
estrous urine of rats subjected to 11 weeks of the CUMS protocol and treated with four intranasal
doses of secretome derived from preconditioned hAD-MSCs or vehicle. Non-stressed animals were
used as control (n = 12 control, n = 11 CUMS + Vehicle (CUMS + V), n = 11 CUMS + Secretome (CUMS
+5). All data are expressed as mean + SEM.

3.4. Changes in Self-Care-Related Outcomes

Healthy rats typically exhibit stereotypical grooming behavior, which can be negatively
impacted by stress. This reduction in grooming behavior is often compared to the apathy
and decreased self-care observed in depressed patients [39]. After 8 weeks of stress, rats
in the CUMS group exhibited a marked deterioration in coat status, as indicated by a
significantly higher score in the coat status evaluation (p < 0.0001, Figure 3A). Intranasal
administration of four doses of MSC-derived secretome resulted in a reduction in the
coat score of stressed animals when tested at 11 weeks. In contrast, the vehicle-treated
stressed animals maintained their elevated coat score (p < 0.0001, Figure 3B). These results
suggest that the MSC-derived secretome effectively mitigated alterations in coat condition
associated with grooming behavior and/or other stress-related effects of stress on self-care.
Further, grooming behavior in response to a sucrose solution spray applied on the dorsal
region of the coat was also affected by chronic stress. Animals in the CUMS group showed
significantly fewer bouts of grooming behavior during the 5 min observation period after
the sucrose spray at 8 weeks (p < 0.05, Figure 4C). However, no significant differences in
cumulative grooming time were observed between control and stressed rats (Figure 4A).
Surprisingly, at 11 weeks, vehicle-treated stressed animals no longer exhibit a reduction in
grooming bouts. Additionally, there was no effect of secretome administration on either the
number of grooming bouts or cumulative grooming time (Figure 4D and B, respectively).
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Figure 3. Coat status test. (A) Coat status score evaluating self-care behavior of rats subjected to
8 weeks of CUMS protocol and non-stressed animals (1 = 12 control, n = 22 CUMS). **** p < 0.0001
vs. control; Mann-Whitney test. (B) Coat status score of rats subjected to 11 weeks of the CUMS
protocol and treated with four intranasal doses of secretome derived from preconditioned hAD-MSCs
or vehicle. Non-stressed animals were used as control (1 = 12 control, n = 11 CUMS + Vehicle (CUMS
+ V), n =11 CUMS + Secretome (CUMS + S)) **** p < 0.0001 vs. control and secretome treated animals,
ANOVA with Sidak’s post hoc. All data are expressed as mean £ SEM.
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Figure 4. Grooming test. (A) Cumulative grooming time (%) and (C) number of grooming bouts
of rats subjected to 8 weeks of the CUMS protocol and control non-stressed animals after spraying
glucose solution on dorsal region to induce grooming behavior (n = 8 control, n = 14 CUMS). * p < 0.05
vs. control; Mann-Whitney test. (B) Cumulative grooming time (%) and (D) number of grooming
bouts of rats subjected to 11 weeks of the CUMS protocol and treated with four intranasal doses of
secretome derived from preconditioned hAD-MSCs or vehicle. Non-stressed animals were used as
control (n = 8 control, n = 11 CUMS + Vehicle (CUMS + V), n = 11 CUMS + Secretome (CUMS + S)
Mann-Whitney test. All data are expressed as mean £SEM.

3.5. Changes in Anxiety-Related Outcomes

When tested in the open field, after 8 weeks of stress, animals in the CUMS group
did not show any significant difference in total distance traveled (Figure 5A) or time spent
in the center (Figure 5C). However, CUMS animals exhibited a marked preference for
staying near the walls of the arena (p < 0.01), a behavior known as thigmotaxis (Figure 5E).
After 11 weeks of the CUMS protocol, vehicle-treated stressed animals showed a significant
reduction in the total distance travelled compared to control non-stressed animals (p < 0.001,
Figure 5B). Additionally, vehicle-treated CUMS animals spent less time in the center of the
arena compared to control non-stressed animals (p < 0.001, Figure 5D), while intranasal
secretome administration diminished both effects. The thigmotaxis index was higher in
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vehicle-treated CUMS animals compared to control animals, and secretome treatment did
not reduce thigmotaxis behavior at 11 weeks (Figure 5F).
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Figure 5. Locomotor activity in the open field test. (A) Total distance traveled, (C) time spent in the
center, and (E) index of thigmotaxis as a measure of time spent near walls during five-minute test
of rats subjected to 8 weeks of the CUMS protocol and control non-stressed animals (1 = 12 control,
n =22 CUMS). ** p < 0.01, Kruskal-Wallis test. (B) Total distance traveled, (D) time spent in the center,
and (F) index of thigmotaxis during five-minute test of rats subjected to 11 weeks of CUMS protocol
and treated with four intranasal doses of secretome derived from preconditioned hAD-MSCs or vehi-
cle. Non-stressed animals were used as control (n = 12 control, n = 11 CUMS + Vehicle (CUMS + V),
n =11 CUMS + Secretome (CUMS +S)). * p < 0.05; ** p < 0.01, *** p < 0.001; ANOVA with Sidak’s post
hoc. All data are expressed as mean +SEM.

3.6. Global Score of Depression-Related Behavior

Major depression is a multifaceted disorder characterized by the simultaneous pres-
ence of a range of behavioral alterations, including emotional, neurocognitive, and neu-
rovegetative symptoms [40]. To evaluate the overall impact of these symptoms and assess
the therapeutic potential of antidepressive treatments, the use of a global score that incor-
porates all behavioral alterations into a single parameter has been proposed [41].

Eight weeks after the initiation of the CUMS protocol, a significant increase in the
depression-related behavior score was observed in the CUMS animals compared to non-
stressed control animals (p < 0.0001, Figure 6A), indicating that the stressor combination
effectively induces depressive-like behaviors. By 11 weeks of the CUMS protocol, vehicle-
treated animals continued to show a significantly elevated depressive behavioral score
(p < 0.0001, Figure 6B). However, intranasal administration of the MSC-derived secretome
led to a significant reduction in the behavioral score, bringing it to levels comparable to
those seen in the non-stressed control group (p < 0.01, Figure 6B), suggesting a potential
antidepressive effect of the secretome.
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Figure 6. Global score of depression-related behavior. (A) Global depression score, including analysis
of sucrose preference, total distance traveled, time spent in center in open field, % of interaction in
FUST, and coat state score of rats subjected to 8 weeks of CUMS protocol and control non-stressed
animals (1 = 12 control, n = 22 CUMS). **** p < 0.0001 Kruskal-Wallis test. (B) Global depression
score of rats subjected to 11 weeks of the CUMS protocol and treated with four intranasal doses of
secretome derived from preconditioned hAD-MSCs o vehicle. Non-stressed animals were used as
control (n = 12 control, n = 11 CUMS + Vehicle (CUMS + V), n = 11 CUMS + Secretome (CUMS + S).
**p <0.01, *** p < 0.0001, ANOVA with Sidak’s post hoc test. All data are expressed as mean + SEM.

3.7. Evaluation of Proinflammatory Factor Levels in the Frontal Cortex and the Hippocampus

To assess neuroinflammation in response to stress, we measured the mRNA expression
levels of three key proinflammatory cytokines (IL-1f, IL-6, and TNF-«) in both the PFC and
HP of the animals, 11 weeks following the initiation of the CUMS protocol. However, no
significant differences in cytokine expression were observed between control and vehicle-
treated stressed animals in both brain regions analyzed (Supplementary Figure S3A-F).
Furthermore, secretome administration did not modify the expression levels of these
interleukins in stressed animals (Supplementary Figure S3A-F).

3.8. Evaluation of Astrocytic Density, Microglial Density and Astrocyte Processes in the CA1
Region of the Hippocampus

Glial cells, including astrocytes and microglia, play an essential role in the brain’s
response to injury, contributing to neuroinflammation and the disruption of neuroplasticity,
exacerbating depression [42]. To evaluate changes in glial cell density and morphology, we
conducted immunostaining for GFAP (astrocyte marker) and Iba-1 (microglial marker) in
the CA1 region (stratum radiatum) of the hippocampus. We analyzed six representative
sections from each group, using confocal microscopy. Results showed no significant
changes in microglial density between the CUMS-treated group (vehicle or secretome) and
control animals (Figure 7A,D). However, a significant increase in astrocytic density was
observed in the hippocampus of CUMS animals treated with the vehicle compared to the
control group (p < 0.01, Figure 7A,B). This increase in astrocytic density was completely
reversed in stressed animals that received secretome treatment (p < 0.05, Figure 7A,B).
Additionally, we assessed the morphology of astrocytes by measuring the length of their
processes. In vehicle-treated stressed animals, astrocytes exhibited significantly shorter
ramifications compared to control animals (p < 0.01, Figure 7A,C). However, astrocytes in
secretome-treated stressed animals displayed a similar process length to those observed
in the non-stressed control group (Figure 7A,C), indicating a restoration in astrocytic
morphology following secretome treatment.
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Figure 7. Analysis of astrocyte and microglial density and morphology in hippocampus.
(A) Representative confocal microscopy images stained with GFAP (astrocyte marker; upper panel,
green) and with Iba-1 (microglial marker; lower panel, red) from CA1 region of hippocampus of rats
subjected to 11 weeks of the CUMS protocol and treated with four intranasal doses of secretome
derived from preconditioned hAD-MSCs o vehicle. Non-stressed animals were used as control
(n = 6 control, n = 6 CUMS + Vehicle (CUMS + V), n = 6 CUMS + Secretome (CUMS + S). Nuclei
were counterstained with DAPI (blue). Scale bar = 100 um. (B) Quantification of astrocyte density
(GFAP™ cells) in CA1 region of the hippocampus. * p < 0.05, ** p < 0.01; ANOVA with Sidak’s post
hoc test. (C) Quantification of length of primary astrocytic processes in CA1 region of hippocampus.
** p < 0.01, ANOVA with Sidak’s post hoc test. (D) Quantification of microglia density (Iba-1* cells)
in CAl region of the hippocampus. Results are expressed as mean +=SEM. n = 6 per experimental
condition. GFAP = Glial fibrillary acidic protein. Iba-1 = Ionized calcium-binding adapter protein.
DAPL 4/,6-diamidino-2-phenylindole. n.s. = non-significant.

3.9. Myelination Evaluation

Previous reports suggest that changes in myelination are expected under chronic
stress [43]. Therefore, we performed immunostainings of key brain regions related to
depression, namely the cingulate, limbic, and infralimbic cortices, to study the degree of
myelination. We carried out staining against the myelin binding protein (MBP). Addition-
ally, to determine the density of the myelin-forming cells in these regions, we measured
the expression of the Olig2 protein, a molecular marker for the entire oligodendroglia
lineage [36,44,45].

No significant differences were observed across the different brain regions within
the experimental groups. Next, the data were pooled for all brain regions and compared
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between treatment groups. Interestingly, the myelinated area, measured as the area express-
ing MBP, did not differ between groups (Figure 8A,B). However, fluorescence intensity was
significantly higher in those animals treated with the secretome (p < 0.001, Figure 8A,C).
Consistently, the density of Olig2+ particles, an indirect measure of cells expressing Olig2,
was also significantly increased under secretome treatment (p < 0.01, Figure 8A,D). Thus,
these results suggest that secretome administration induced an increase in myelin produc-
tion, likely due to the rise in the density of myelin-forming cells.
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Figure 8. Analysis of myelin protein expression and oligodendroglial density. (A) Representative
confocal microscopy images stained with MBP (myelin marker, blue) and Olig?2 (oligodendroglial
lineage marker, red) from cingulate cortex (CgC, inset in scheme, upper panels) of rats subjected
to 11 weeks of CUMS protocol and treated with four intranasal doses of secretome derived from
preconditioned hAD-MSCs o vehicle. Non-stressed animals were used as control (n = 6 control,
n =6 CUMS + Vehicle (CUMS + V), n = 6 CUMS + Secretome (CUMS + S). Note that MBP ex-
pression intensity (blue, lower panel) is increased in the secretome-treated group. To facilitate the
comparison, the histogram of the raw intensity distribution for the same images is shown (inset in
the MBP channel). Scale bar = 50 um. (B) Quantification of MBP+ area as a fraction of total area.
(C) Quantification of MBP intensity as integrated optical density. *** p < 0.001, ANOVA followed
by Bonferroni’s Multiple Comparison Test. (D) Quantification of Olig2 particle density as Olig2+
particles per area. ** p < 0.01, ANOVA followed by Bonferroni’s Multiple Comparison Test. Results
are expressed as mean + SEM. n = 6 per experimental condition. MBP = Myelin basic protein. Olig2
= Oligodendrocyte transcription factor. n.s. = non-significant.
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4. Discussion

The data from the current study show a beneficial effect of intranasal secretome ad-
ministration on reducing some behavioral manifestations of stress-induced depressive-like
behavior in adult male rats. Regarding the characteristics of the secretome, we confirmed
the effectiveness of preconditioning in increasing mRNA levels of anti-inflammatory and
neuroprotective factors. TNF-ot/IFN-y preconditioning is widely reported to potentiate the
immunomodulatory and neuroprotective profile of MSCs and their secretome. At the pro-
tein level, this stimulus enhances indoleamine 2,3-dioxygenase (IDO) activity, prostaglandin
E2 (PGE2), and TNF-stimulated gene-6 (TSG-6), alongside shifts in cytokine/chemokine
output (e.g., attenuation of proinflammatory mediators such as TNF-« and IL-1f3 and
context-dependent increases in IL-10, CXCL9/10, and CCL2). Collectively, these changes
bias innate immune responses toward an anti-inflammatory, pro-resolving state [46,47].
Targeted protein-level assays and a multiplex cytokine/chemokine panels in precondi-
tioned cells and their secretome are necessary to mechanistically link these pathways to
the observed behavioral and neurobiological effects. However, consistent with our transla-
tional focus, we prioritized in vivo functional readouts in this study. Based on previously
reported biodistribution assays for the exosome component of intranasally delivered se-
cretome, we assume a widespread distribution across virtually all brain structures [48].
Acellular mesenchymal stromal cell (MSC) secretomes are anticipated to carry a lower
alloimmunogenic burden than live-cell products, as they lack proliferative donor cells and
MHC/ co-stimulatory expression, yet retain the paracrine mediators that drive immunoreg-
ulation [49,50]. In line with this, we did not observe overt local inflammatory reactions or
behavioral signs suggestive of acute immune intolerance following secretome administra-
tion (e.g., no injection-site swelling, grooming changes, or acute sickness behavior). While
subclinical immune responses cannot be excluded, our data, together with prior literature
using the same human preconditioned MSC-derived secretome administered intranasally,
suggest a favorable tolerability profile for acellular secretomes [51].

The presentation of depressive symptoms in human patients is not uniform but rather
a heterogeneous mixture of symptoms [52]. Depression subtypes have been identified, such
as atypical, seasonal, or melancholic depression [53]. Like the heterogeneity of psychiatric
symptoms, physiological alterations vary between patients, and hence the parameters
affected and the direction of the alterations also differ [54]. This heterogeneity is difficult
to incorporate into an experimental animal model. Although valuable contributions have
been made to progress in this area [55-57], much work is still needed to validate each
specific subtype model. Instead of using subtype profiles for depression models in rodents,
a score that incorporates several behavioral parameters to evaluate the success of the model
as a whole and the effect of a potential treatment could be a more suitable approach [58,59].

In line with this reasoning, we evaluated behaviors related to hedonism, self-care, and
anxiety, and analyzed these with different tests. When these behaviors were first assessed
separately, modifications in behaviors due to chronic stress exposure were significant
for some, but not all, behaviors, and only at specific time points. This leaves questions
about the sensitivity and specificity of individual behavioral assays. Future research,
including an extended battery, is needed to better assess the therapeutic potential of the
secretome in major depressive disorder. A similar scenario was observed regarding the
effects of secretome treatment. One limitation of the present study is that we relied on
the chronic unpredictable mild stress (CUMS) paradigm without biochemically verifying
stress loading, since circulating corticosterone or other glucocorticoid readouts were not
measured, leaving open the possibility that some animals were insufficiently stressed or
had already habituated to the protocol, and therefore we could not confirm if all animals
were comparably and sufficient stressed. Nevertheless, our protocol strongly reduced the
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animals” weight gain over time, which is a reliable marker for the successful induction
of chronic stress [60]. Therefore, the lack of expected changes in some behaviors after
chronic stress exposure cannot be attributed to an insufficiently strong stress protocol.
Consequently, we also analyzed the effect of each behavior as a contributor to an overall
global depressed state score, which allows sub-profiles to vary between different animals
(as observed in human patients). Using this approach, a robust effect appeared for chronic
stress, which was fully reversed by secretome treatment, demonstrating its beneficial effect.

While the existence of different depression subtypes in patients is generally accepted,
it remains arguable whether different profiles are related to different mechanisms of de-
pression induction. In humans, for example, sexual hormone alterations, chronic illness,
and childhood trauma are different factors that could activate different mechanisms, and
hence also lead to different symptom profiles [61-63]. In the present study, to induce a
depressed-like state, all rats were exposed to the same combination of stressors, based on
which the same symptom profile and behavioral performance were expected. Nevertheless,
it is very common to observe interindividual differences between animals. Subtle genetic
differences can explain these differences [64] and slight variations in stress experience. For
example, being the first or last animal to be handled for a specific stress manipulation could
lead to different amounts of anticipation of stress experience or stress contagion [65].

When looking at the behavior tests separately, rather than as part of the global depres-
sion score, we did not observe a clear effect of secretome administration on the expected
reversion of anhedonic behavior. Chronically stressed animals receiving intranasal ve-
hicle or secretome administration showed a spontaneous reversion in the reduction of
sexually motivated scent exploration in the FUST. Furthermore, no decrease in sucrose
preference was observed either at 8 weeks (after stress but before treatment) or at 11 weeks
(after vehicle or secretome administration). Nevertheless, in the test of sexual motiva-
tion, the secretome treatment induced an increase in the time the animals explored the
urine-dampened cotton. This increase suggests that it is unlikely that secretome treatment
interferes negatively with libido, which is promising for the potential use of this biodrug
as an antidepressant in humans. Sexual dysfunction, including decreased sexual desire,
is frequently reported as a side effect of antidepressant treatment in humans, with about
63% of medicated depressed patients reporting sexual problems [66]. Among the drugs re-
ported to be associated with these sexual alterations are the most used antidepressant drugs,
particularly selective serotonin reuptake inhibitors [67], with men showing a greater reduc-
tion in sexual desire than women [68]. This makes the effect of secretome on increasing
sexual motivation in male rats clinically relevant.

In the present CUMS protocol, chronic stress was effective in inducing a depressed-like
state, manifested in apathetic behavior, supported by the significant increase in the coat
state deterioration, which is an effective endpoint for evaluating a depressed-like state in
the chronic unpredictable stress rodent model [69]. Importantly, secretome administration
fully reversed stress-induced coat deterioration, which is an important indication of its
potential as an antidepressant.

In the OFT, secretome administration also reduced the depressive-like behavior of
CUMS animals, increasing the total distance travelled and the time spent in the center of
the arena, showing anxiolytic potential. Comparable results of secretome administration
were obtained by the knockdown of the inflammasome NLRP1, a protein complex of the
nucleotide oligomerization domain (NOD)-like receptor (NLR) family that is involved in
neuroinflammation. This knockdown prevented the chronic stress induction of anxiety
and anhedonia [70]. In that same study, the authors showed that chronic stress was able to
activate hippocampal NLRP1 inflammasome. Interestingly, NLPR1 activation in response
to stress promoted the release of the proinflammatory cytokines IL-1f3, IL-18, IL-6, and TNF-
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. As we reported here, the preconditioning of hAD-MSCs with TNF-« and IFN-y for 40 h
increased the production of anti-inflammatory and neuroprotective factors, which could
counteract the stress-induced activation of NLRP1 and consequent neuroinflammation.
This could represent a potential mechanism for the observed secretome antidepressant
effects in the CUMS model, which deserves further exploration.

Recent evidence links neuroinflammation to mental disorders such as depression, as
well as symptoms like impulsiveness, aggression, and feelings of helplessness, all of which
are interconnected and positively associated with inflammation [15,71-73]. Tackling the
neuroinflammatory response associated with stress and depression could, therefore, be
key in preventing suicidal ideation and reducing the morbidity and mortality associated
with mental health. Moreover, a heightened proinflammatory state (as shown by increased
C-reactive protein levels) is associated with treatment resistance in depression [74], which
again emphasizes the importance of further research into anti-inflammatory treatments as
a promising approach to improving treatments for depressed patients, particularly those
who are resistant to currently available options.

In our animal model, when combining the behavioral manifestations of chronic stress
with molecular analyses of brain tissue, no associations were found. Specifically, neither
mRNA levels of the three main proinflammatory cytokines in the PFC and HP of the ani-
mals, nor the levels of neuroprotective factors BDNF or NGF in the HP were altered. Our
results are unexpected because it has been previously reported that increased BDNF levels
are relevant for mediating the antidepressant effects induced by drugs with different targets
and lifestyle factors [75,76]. However, it should be considered that levels of molecules such
as the proinflammatory cytokines, BDNF and NGF can indicate different situations, as
it is necessary to consider the balance between proinflammatory and anti-inflammatory
molecules to understand the underlying process. Additionally, secretome administration
could supply exogenous BDNF, NGF, and anti-inflammatory molecules directly [77,78], re-
ducing the need for a compensatory rise in endogenous transcription while still promoting
remyelination and behavioral recovery. Furthermore, the microRNAs contained in the se-
cretome [79] could have suppressed translation or accelerated decay of cytokine messenger
RNAs without changing their steady-state abundance; thus, functional cytokine output
could have dropped in secretome-treated animals even while transcript counts remained
unchanged. Finally, astrocytes and neurons locally translate mRNAs in end-feet or dendritic
compartments [80]; when whole-tissue homogenates are analyzed, these focal changes
may have been diluted below detection thresholds. Therefore, to disentangle whether and
how the secretome’s anti-inflammatory action operates in the brain to reduce depressed
behavior, Western blot analysis of a broader spectrum of anti-inflammatory mediators, as
well as local cytokine expression in discrete brain regions, should be performed.

In contrast, an unequivocal marker of the development of neuroinflammation at the
hippocampal level is the alteration in the number or structural phenotype of astrocytes [81].
When evaluating the structure of astrocytes in the CA1 region of the hippocampus, we
observed that in the hippocampi of rats subjected to stress and treated with a vehicle, the
density of astrocytes was significantly increased and their primary processes atrophied,
which is consistent with the response to neuroinflammation [82]. While in the group that
received secretome treatment, no significant differences were observed in the density of
astrocytes or the length of the processes compared to the control non-stressed animals.
This result is in line with results obtained using direct administration of secretome derived
from non-preconditioned human bone marrow-derived MSCs into the dentate gyrus,
which significantly increased both the number and length of astrocytic processes [83].
Considering this result in astrocytes, we could speculate that the intranasal administration
of secretome, due to its high content of anti-inflammatory molecules, may counteract
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the neuroinflammatory process caused by stress in astrocytes. However, future studies
should corroborate the putative anti-inflammatory actions of the secretome by quantifying
GFAP and IBA-1 protein levels via Western blotting, and additional analysis of other
neuroinflammatory markers is needed to gain a more comprehensive understanding of
the neuroinflammatory process induced by chronic stress and its possible reversal by
secretome treatment.

Regarding myelination, our results strongly suggest that secretome administration
induced an increase in myelin production with no effect on the areas to be myelinated
(i.e., no change in the areas expressing MBP). Nevertheless, the observed indications of
enhanced myelination must be verified by Western blot assessment of MBP and Olig-
2 expression. Along with these findings, we observed that secretome administration
induced an increase in the population of Olig2-expressing cells, encompassing the entire
oligodendroglial lineage. This is interesting from the mechanistic perspective, as it appears
that the treatment enhanced the ability to produce myelin by increasing the number of
cells capable of doing so, without modifying the regions of myelination. Our data is
consistent with previous reports showing highly controlled oligodendroglial density and
myelin production in different scenarios in the adult brain [84,85]. Since oligodendrocyte
precursors (OPC) are unable to produce myelin, a likely scenario is that the secretome
induced an increase in the density of mature myelinating oligodendrocytes, which, in turn,
produced more myelin. However, the cellular mechanisms underlying the phenomena we
described are beyond the scope of the present report, so further investigation is needed to
address this interesting question.

Putting the present results into perspective, it is important to acknowledge the limita-
tions of performing the experiments exclusively in male animals. This choice was made to
allow some simplification in a complex model. However, given the higher prevalence of
depression in women, and considering that the immune response in female is modulated by
sex hormones and predisposes them to a higher inflammatory response to stress [86], this
limitation is noteworthy. Since MSC-derived secretome is proposed to reduce inflammatory
responses, an even greater therapeutic effect might be expected in females compared to
males. Nevertheless, this issue warrants further investigation, incorporating female sub-
jects. Additionally, our assessment window was designed to capture near-term outcomes
following intranasal secretome administration within the CUMS paradigm, but it does
not establish how long behavioral and histological benefits persist once treatment ceases.
Without extended follow-up, we cannot distinguish transient symptomatic improvement
from sustained disease modification, nor can we delineate the temporal relationship be-
tween behavioral changes and putative mechanisms such as microglial modulation or
neurotrophic support. Future studies should therefore incorporate longer post-treatment
intervals with repeated behavioral assessments and scheduled tissue collection to evaluate
the maintenance, waning, or rebound of effects, alongside longitudinal biomarker panels
(e.g., cytokines, neurotrophic factors) to define mechanistic durability. These extensions
will clarify dose-spacing requirements and inform translational planning for maintenance
regimens. Additionally, assessing behavioral and tolerability outcomes in non-CUMS ani-
mals intranasally treated with the secretome could further clarify the secretome’s baseline
effects independent of stress exposure.

Our findings should be interpreted within the scope of the CUMS paradigm, which
models chronic stress and captures select depression-relevant domains but does not reca-
pitulate the full heterogeneity of clinical major depressive disorder [87-89]. While chronic
stress is a principal risk factor for depression, it is neither necessary nor sufficient in all
cases, and rodent behavioral readouts map only partially onto human symptom clus-
ters [89,90]. Accordingly, our results should be understood as evidence of stress-mitigating
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and depression-relevant effects rather than definitive antidepressant efficacy. Transla-
tional extrapolation should therefore be cautious and contingent on replication across
stress models, inclusion of both sexes, biomarker alignment with targeted mechanisms,
and, ultimately, validation in rigorously designed clinical studies consistent with clinical
nosology [31].

Altogether, the data presented here show that intranasal treatment with secretome
derived from preconditioned hAD-MSCs can reverse some depressive-like states, and
therefore represents a potentially effective treatment for depression symptoms in hu-
mans. Secretome administration warrants further investigation into its potential role
in treating patients for whom no effective pharmacological treatment alternatives are
currently available.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pharmaceutics17091129/s1, Figure S1: CUMS protocol timeline,
Figure 52: Cumulative body weight gain, Figure S3: Expression levels of proinflammatory cytokines
in frontal cortex and hippocampus.
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The following abbreviations are used in this manuscript:

BDNF Brain-derived neurotrophic factor
BSA Bobine serum albumin

bFGF Basic fibroblast growth factor

CS Coat status

CUMS Chronic unpredictable mild stress
DAPI 4/ 6-diamidino-2-phenylindole
FBS Fetal bovine serum

FUST Female urine sniffing test

GFAP Glial fibrillary acidic protein

h-AD-MSC  Human adipose-derived mesenchymal stem cells
HP Hippocampus
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Iba-1 Ionized calcium-binding adaptor molecule-1
IDO Indoleamine 2-3 dioxygenase

IFN-y Interferon gamma

IL-1b Interleukin 1b

IL-5 Interleukin 5

IL-6 Interleukin 6

IL-10 Interleukin 10

LPS Lipopolysaccharide

MBP Myelin binding protein

MSCs Mesenchymal stem cells

NGF Neural growth factor

NGS Normal goat serum

OFT Open field test

OorC Oligodendrocyte precursor cell

PBS Phosphate-buffered saline

PFA Paraformaldehyde

PFC Prefrontal cortex

SPT Sucrose preference test

SST Sucrose splash test

TNF-« Tumor necrosis factor alfa

TSG-6 Tumor necrosis factor-stimulated gene 6
VEGF-a Vascular endothelial growth factor a
vmPFC Ventromedial prefrontal cortex
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