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Abstract

Depression is an overwhelming health concern, and many patients fail to optimally respond to available standard therapies.
Neuroplasticity and blood—brain barrier (BBB) integrity are the cornerstones of a well-functioning central nervous system,
but they are vulnerable to an overly active NLRP3 inflammasome pathway that can also indirectly trigger the release of ET-1
and contribute to the ET system disturbance, which further damages stress resilience mechanisms. Here, the promising yet
unexplored antidepressant potential of dapagliflozin (Dapa), a sodium—glucose co-transporter-2 inhibitor, was investigated
by assessing its role in the modulation of the NLRP3 inflammasome pathway and ETgR signal transduction, and their impact
on neuroplasticity and BBB integrity in an animal model of depression. Dapa (1 mg/kg/day; p.o.) with and without BQ-788
(1 mg/kg/day; i.p.), a specific ETgR blocker, were administered to adolescent male Wistar rats exposed to a 5-week chronic
unpredictable stress protocol. The depressive animals demonstrated marked activation of the NLRP3 inflammasome pathway
(NF-xB/NLRP3/caspase-1/IL/TNF-a), which was associated with both peripheral and central inflammatory responses. The
ET system was disrupted, with noticeable reduction in miR-125a-5p and ETR gene expression. Cortical ZO-1 expression
was downregulated under the influence of NLRP3/TNF-a/miR-501-3p signaling, along with a prominent reduction in hip-
pocampal BDNF and synapsin-1. With ET3R up-regulation being a cornerstone outcome, Dapa administration efficiently
created an overall state of resilience, improved histopathological and behavioral variables, and preserved BBB function.
These observations were further verified by the results obtained with BQ-788 co-administration. Thus, Dapa may exert its
antidepressant action by reinforcing BBB integrity and promoting neuroplasticity through manipulation of the NLRP3/ET-1/
ET3zR/BDNF/ZO-1 axis, with a significant role for ET3R signaling.
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Introduction Moreover, about two-thirds of MDD patients fail to opti-

mally respond to currently available standard therapies, and

Major depressive disorder (MDD) is currently one of the
leading causes of disability and suicidal death worldwide [1,
2], and despite extensive research and massive improvements
in mental health, the nature of MDD remains ambiguous.
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many of them suffer from treatment-resistant depression [2,
3]. MDD is a multi-factorial disorder which involves not
only emotional disturbance, but also cognitive and func-
tional impairments as integral features of this heterogene-
ous disorder [4]. Therefore, it greatly sabotages the quality
of life and negatively affects the productivity of patients [5].
Depression can be further complicated by presence of other
comorbidities—one of a major concern is diabetes [2, 6].
Studies have demonstrated the bi-directional relationship
between the two disorders, which is partially owed to some
shared pathological mechanisms that are involved in their
progression [6].

Most importantly, the integrity of the blood—brain barrier
(BBB) is crucial for the well-being of the central nervous
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system (CNS). However, both local and systemic inflam-
mations represent major threats to the BBB and contribute
to its breakdown, with subsequent infiltration of immune
cells, accumulation of waste, and disruption of neuronal
function [7, 8]. Specifically, activation of the nucleotide-
binding oligomerization domain, leucine-rich repeat, and
pyrin domain-containing protein (NLRP)-3 inflammasome is
linked to BBB disruption, neuro-inflammation, and impaired
neurogenesis [9]. The NLRP3 inflammasome is a multimeric
protein complex and a cytosolic sensor that activates inflam-
matory pro-caspase-1. It responds to a wide array of endog-
enous and exogenous danger signals, including stress, and
its dysregulation is implicated in a heterogeneous group of
disorders [10, 11]; thus, it is considered a promising thera-
peutic target in depression [12].

Interestingly, only a few previous studies have addressed
the link between activation of the NLRP3 inflammasome
pathway and disturbances in the endothelin (ET) system
[13—15]. Specifically, disruption of the ET system in the
brain is linked to multiple CNS pathologies [16]. ET-1 in
the brain, via its major receptors ET,R and ETgR, medi-
ates a complex mixture of both detrimental and beneficial
effects that range from brain ischemia and disruption of
the BBB to neuronal survival [15] and neurogenesis [16].
It has been demonstrated that ETgR signaling is associated
with neuronal survival and neurotrophins production, even
though it can also increase BBB permeability [16—18].
Nevertheless, increasing evidence points to positive out-
comes of ETgR stimulation rather than its blockade [16,
17, 19, 20].

Notably, ET-1 synthesis is controlled by various factors,
including inflammatory mediators such as tumor necrosis
factor (TNF)-a, interleukin (IL)-1p, and microRNAs (miR-
NAs), especially miR-125a, which was found to be nega-
tively associated with ET-1 gene expression [21]. Interest-
ingly, miR-125a-5p is also positively correlated with the
formation of tight junction (TJ) complexes between zonula
occludens (ZO)-1 and vascular endothelial cadherin, thus
maintaining BBB integrity [22]. Another miRNA, namely,
miR-501-3p, is an important intermediate in this process,
and it has been found to directly inhibit ZO-1 after being
upregulated by TNF-a [23, 24].

Thus, current attempts to develop drugs that specifically
target treatment-resistant depression should focus on these
pathological pathways rather than merely addressing defi-
ciencies in monoamine neurotransmitters [2]. Furthermore,
hippocampal neurogenesis is recognized in depression and
is no longer limited to neurodegenerative disorders; congru-
ently, the neurotrophic hypothesis of depression describes a
relationship between low levels of neurotrophic factors and
vulnerability to stress [8, 25].

Dapaglifiozin (Dapa) is an inhibitor of the sodium—glucose
co-transporter-2 (SGLT2) and a novel class of oral antidiabetic

drug that represents a breakthrough in the management of type
2 diabetes mellitus [26—28]. Since their release, continuous
research has revealed promising health outcomes of SGLT2
inhibitors in multiple organs, including cardiovascular and
renal systems [28]. However, recent attention has been directed
toward their beneficial effects on the brain [29-31], as SGLT2
expression has been demonstrated in multiple brain regions,
including the hippocampus and endothelial cells in the BBB
[30]. Studies have also demonstrated the neuroprotective
potential of SGLT?2 inhibitors, highlighting their antioxidant,
anti-inflammatory, and antiapoptotic effects, in addition to
improving angiogenesis and neurogenesis regardless of their
glycemic control benefits [29—33]. However, the mechanisms
underlying the effects of SGLT?2 inhibitors on depression are
still elusive.

Based on the evidence provided, the main aim of this
study was to evaluate the effects of Dapa as a therapeu-
tic modality in an animal model of depression. Specifi-
cally, we explored its role on the activation of the NLRP3
inflammasome, ETyR signaling, and impact of these on
neurotrophins production and BBB integrity. As the rela-
tionship between SGLT?2 inhibitors and the ET system is
not yet clear, our secondary aim was to investigate whether
BQ-788, a specific ETgR blocker, would at least in part
negatively affect the antidepressant outcomes provoked by
Dapa administration.

Materials and Methods
Animals

Fifty-six male Wistar rats in their early adolescence
(30-33 days old) [34, 35], and weighing between 105 and
120 g, were used in this study. Rats were obtained from
the animal facility of the National Research Center (Giza,
Egypt), and were trained using the open field test (OFT) and
the sucrose preference test (SPT) to exclude animals show-
ing extreme or abnormal behavior.

A one-week acclimation period preceded the experimen-
tal protocol, during which animals were provided free access
to standard chow and water ad libitum and housed under
controlled environmental conditions with a room tempera-
ture of 25° +2 °C, relative humidity of 60% + 10%, and a
12-h light—dark cycle [36]. All the study procedures strictly
complied with the Guide for the Care and Use of Labo-
ratory Animals published by the US National Institute of
Health (NIH Publication No. 85-23, revised 2011) and were
approved by the Ethics Committee for Animal Experimenta-
tion at the Faculty of Pharmacy, Cairo University (Permit
Number: PT 2574). All efforts were made to minimize suf-
fering of the animals.
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Drugs

Escitalopram (Escita) (reference antidepressant drug),
Dapa, and BQ-788 were obtained from H. Lundbeck A/S
(Copenhagen, Denmark), AstraZeneca pharmaceutical com-
pany (Cambridge, UK), and MedChemExpress (NJ, USA),
respectively.

All drugs were daily prepared as fresh suspensions in
normal physiological saline; Escita, 4 mg/ ml; Dapa, 0.5 mg/
ml; and BQ-788, 0.5 mg/ ml.

Chronic Unpredictable Stress Protocol

The chronic unpredictable stress (CUS) procedure was
implemented to induce depression-like behavior in rats as
a simulation of daily-life stressors in humans. As CUS pro-
tocols are highly variable among different studies, we chose
the one with the least harm to animals, i.e., avoiding electric
shocks, tail pinching, exposure to extreme temperatures, or
applying unnecessarily long protocols. The implemented
CUS regimen was a minor modification of that described by
Sequeira-Cordero et al. [34]. Briefly, animals were exposed
to a five-week stress protocol, starting from postnatal day
33, which consisted of the following seven stressors: food
deprivation, water deprivation, sleep deprivation, cage tilting
with minimal food and water access, wet bedding, physical
restraint, and reversal of the light—dark cycle. Each stressor
was applied only once every week, and to reduce predictabil-
ity and adaptation, stressors were semi-randomly applied,
and each lasted for 22 h.

Screening through
SPT and OFT

treatments

Experimental Protocol

Rats were randomly allocated into five groups. All drug
treatments were initiated from the second week of the CUS
protocol and lasted for four consecutive weeks. Animals in
the first group (n = 10) received normal physiological saline
(1 ml/day; p.o) and served as the negative control (normal)
group. Rats in groups 2—-5 were exposed to CUS as previ-
ously described. Specifically, those in group 2 (n=13) were
left untreated except for daily saline administration to serve
as the positive control group; animals in groups 3 and 4
(n=10 each) were treated with Escita (10 mg/kg/day; p.o)
[37] and Dapa (1 mg/kg/day; p.o) [29], respectively, while
those in group 5 (n=13) were co-treated with BQ-788
(1 mg/kg/day; i.p.) [38, 39] along with Dapa (BQ-788 was
injected one hour before Dapa administration) (Fig. 1). Ani-
mals were constantly monitored for food and water intake
and were weighed two times per week for assessing body
weight changes. Additionally, blood glucose levels were
assessed in the Dapa groups (4 and 5) bi-weekly and com-
pared to that of the negative controls.

Behavioral Tests

By the end of the third week, rats were trained for both the
SPT and the forced swimming test (FST). Appropriate days
for training were chosen to avoid interference with the CUS
protocol (Fig. 1). All tests were carried out between 8:00
a.m. and 12:00 noon, starting with the test that had the least
stressful impact on the rats.

Saline (0.5 ml p.o.)
Escita (10 mg/kg/day p.o.)
Dapa (1 mg/kg/day p.o.)

Drug

BQ788 (1 mg/kg/day i.p.+ Dapa)

Days on CUS

SPT and FST

training

Behavioural
tests and
euthanasia

2 S >

Fig.1 Schematic illustration of experimental timeline. B BQ-788, CUS chronic unpredictable stress, Dapa dapagliflozin, Escita escitalopram,
FST forced swimming test, OFT open field test, SPT sucrose preference test
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Open Field Test

The OFT was originally developed to assess an animal’s
emotions [40]; however, its use is becoming popular in
multiple areas of neuroscience. The test was carried out as
described previously [36, 40, 41]. Briefly, the test was per-
formed in a sound-attenuated room under dim white light
with an overhead camera to monitor animal behavior. Each
rat was gently placed in the central area of the open field
and was allowed to freely explore the area for 5 min, during
which locomotor activity was assessed based on the number
of crossed squares, in addition to rearing behavior [40]. The
box was cleaned between tests to eliminate possible bias
caused by olfactory influences.

Sucrose Preference Test

The SPT is widely used to evaluate anhedonia, a core symp-
tom in MDD [42], and the procedure described by Casarotto
and Andreatini was followed [43]. Before initiating the pro-
cedure, rats were provided two identical bottles of 2% sucrose
solution [44] as the sole source of drinkable fluid for two days
to allow acclimatization to sucrose. This was followed by free
access to standard food and water for two additional days.
Next, animals were water-deprived for 16 h on the day before
testing day, and on the testing day, each rat was individually
housed for 1 h [41, 43, 45], and two identical bottles contain-
ing 100 ml of either 2% sucrose solution or tap water were
provided. The position of the bottles was changed after 30 min
during the test to avoid side preference. Sucrose preference for
each rat was calculated according to the following formula:

Sucrose preference = (Sucrose intake/Total fluid intake) X 100

The test was performed at baseline, in the mid-experimental
period (3 weeks) to monitor CUS progression, and at
the end of the experimental protocol. Rats showing sucrose
preference of < 65% were categorized as anhedonic [42].

Forced Swimming Test

This behavioral test is widely used to assess the “despair”
component of depression [40]. In the FST, rodents are exposed
to an inescapable swimming situation where they are forced to
swim in a water-filled cylindrical container till they eventually
stop struggling after a period of active movement. The test
was conducted as formerly described in different studies [36,
40]. Briefly, rats were trained to swim for 15 min, and on the
next day, the test was performed under the same conditions,
but testing time was limited to 5 min. Water was changed
after each animal was tested and the cylinder was thoroughly
rinsed. All animals were then dried and kept warm using a
heating lamp to avoid hypothermia. The test was recorded, and

total immobility time for each animal was calculated. Immo-
bility time was defined as the duration for which the animal
appears to be floating, stops moving, and only makes minor
movements to keep its head above the water surface [46].

Preparation of Samples

After behavioral testing, rats were anesthetized using ketamine/
xylazine (60/7.5 mg/kg; i.p.), blood samples were collected
from the femoral vein for subsequent separation of sera using
non-heparinized capillary tubes, and animals were euthanized
by cervical dislocation under anesthesia. Hippocampi and cor-
tices were isolated, washed, and dried for further processing,
biochemical analyses, and histological evaluation.

Biochemical Analyses
Enzyme-Linked Immunosorbent Assays

Hippocampi/cortices (n=7— 8) were homogenized in ice-cold
phosphate-buffered saline as 10% homogenates, and corre-
sponding commercial kits were utilized, according to the man-
ufacturers’ protocols, to assess either serum levels or relevant
tissue contents of the following biomarkers: serotonin (5-HT)
(Cat#t MBS9362408, MyBioSource, CA, USA), norepinephrine
(NE) (Cat# MBS269993, MyBioSource, CA, USA), and dopa-
mine (DA) (Cat# CSB-E08660r, Cusabio, Wuhan, China). Cus-
abio (Wuhan, China) ELISA kits were used for the assessment
of IL-1P (Cat# CSB-E08055r) and IL-18 (Cat# CSB-E04610r).
Additionally, the phosphorylated forms of the nuclear factor
kappa (p-Ser536 NF-xB p65) and TNF-a were measured using
Abcam (Cat# ab176647, Cambridge, UK) and Biospes (Cat#
BEK1214, Chongging, China) kits, respectively. Finally, kits
obtained from MyBioSource (CA, USA) were used for ET-1
(Cat# MBS006526) and synapsin-1 (Cat# MBS761293) quan-
tification, whereas BDNF was assessed using Elabscience kit
(Cat# E-EL-R1235, Wuhan, China).

Colorimetric Assay for Caspase-1

Caspase-1 activity was evaluated colorimetrically using
Novus Biologicals assay kit (Cat# NBP2-54815, CO,
USA). Absorbance was measured at 405 nm, and results
were expressed as pmol pNA/min/mg protein.

Quantitative Reverse Transcription Polymerase Chain
Reaction

Hippocampi/cortices (n=6) were homogenized in lysis

buffer to assess gene expression of hippocampal NLRP3,
ET,R, ET3R, miR-125a-5p, and cortical miR-501-3p. First,
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for NLRP3, ET,R, and ETgR, total RNA was extracted from
the respective tissues using the RNeasy Mini kit (Qiagen,
Hilden, Germany), and its purity was tested spectrophoto-
metrically using the NanoDrop® (ThermoFisher Scientific,
MA, USA) at OD 260/280 nm. This was followed by reverse
transcription of RNA into complementary DNA using the
Titan One-Tube RT-PCR System (Cat# 11855476001,
Sigma—Aldrich, MO, USA) as per manufacturer’s instruc-
tions and qRT-PCR using Invitrogen SuperScript III Plati-
num qRT-PCR Kit™ (Cat# 11732088, Invitrogen, CA,
USA). A similar process was followed for miRNA extrac-
tion using the mirVana™ PARIS™ kit (Cat# AMI1556,
Invitrogen, CA, USA); complementary DNA was retrieved
using the TagMan™ MicroRNA Reverse Transcription
Kit (Cat# 4366596, Applied Biosystems, CA, USA), and
gRT-PCR was carried out using the TagMan™ MicroRNA
Assay (Applied Biosystems, CA, USA) with Cat# 4427975
for miR-125a-5p and #4440886 for miR-501-3p. Primer
sequences, accession numbers, and assay IDs are listed in
Table 1. After qRT-PCR, relative expression of target genes
was calculated using the 2~ *ACT formula, with B-actin as the
housekeeping gene, except for miRNAs, where U6 was used.

Hippocampal and Cortical Histopathological
Examination

Whole brain tissues of euthanized rats (3/group) were iso-
lated, immediately immersed in 10% buffered formalin,
dehydrated in graded alcohol, and embedded in paraffin.

Histopathological Scoring

Five-micrometer-thick sections of the hippocampi and cor-
tices were obtained from the paraffin blocks, stained with

Table 1 Primer sequences, access numbers, and assay IDs for qRT-PCR

hematoxylin and eosin (H&E) (Sigma—Aldrich, MO, USA),
and assessed (3 fields/ animal) under light microscope (Leica
Microsystems, Wetzlar, Germany) at 400 X magnification by
investigators blinded to the sample. Neuropathological dam-
age in the cerebral cortex and the hippocampus was graded
from O to 4 as follows: 0, no lesions; 1, less than 10% area
affected; 2, 20-30% area affected; 3, 40-60% area affected;
4,>60% area affected [47, 48].

Cortical ZO-1 Immunoreactivity

Sections (3-pm-thick) were obtained from prepared blocks,
dewaxed in xylene, and rehydrated. Antigen retrieval was
performed using the microwave method, and after cooling,
endogenous peroxidase activity was blocked by incubation
in 3% hydrogen peroxide solution for 10 min. Samples were
blocked with 5% BSA for 10 min to prevent non-specific
protein binding, followed by overnight incubation at 4 °C
with primary rabbit polyclonal anti-ZO-1 antibody (1:100;
Cat# E-AB-18170, Elabscience, Wuhan, China), washing
with buffer, and incubation with secondary biotinylated
goat anti-rabbit IgG (1:200; ThermoFisher Scientific, MA,
USA) for 1 h at room temperature. Specimens were again
buffer-washed and incubated with peroxidase-conjugated
streptavidin for another hour. Immunoreactive ZO-1 bear-
ing cells were visualized using the 3,3’-diaminobenzidine
(DAB) Pierce™ Substrate Kit (ThermoFisher Scientific,
MA, USA), and the prepared sections were then counter-
stained with hematoxylin, dried, and covered. Quantifica-
tion of cortical ZO-1 and morphometric analysis were car-
ried out by determining percentage area expression of ZO-1
in five random fields per animal using the Leica Qwin 500
Image Analyzer software (Leica Microsystems, Wetzlar,
Germany).

mRNA genes

ID Accesst# Primer sequence Size (bp)

NLRP3 NM_001191642.1 5" TGCTCTTCACTGCTATCAAGC CCT-3' 283
5'-ACAAGCCTTTGCTCCAGACCC TAT-3'

ET,R (EDNRA) NM_012550 5'-GTCGAGAGGTGGCAAAGACC-3’ 64
5'-ACAGGGCGAAGATGACAACC-3’

ETgxR (EDNRB) NM_017333 5'-GATACGACAACTTCCGCTCCA-3’ 86
5'-GTCCACGATGAGGACAATGAG-3'

B-actin NM_031144.3 5'-CGTTGACATCCGTAAAGACCTC-3’ 302
5" TAGGAGCCAGGGCAGTAATCT-3’

miRNA genes

ID miRBase access# Target RNA sequence Assay ID

rno-miR-125a-5p MIMATO0000829 UCCCUGAGACCCUUUAACCUGUGA 002,198

rno-miR-501-3p MIMATO0017198 AAUGCACCCGGGCAAGGAUUUGG 464079_mat

Ueé

Access# NCBI: NR_004394
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Statistical Analyses

All statistical analyses and graphical illustrations were per-
formed using GraphPad Prism® software ver. 6 (GraphPad
Software Inc., USA). For parametric data, comparisons
of means were done using one-way analysis of variance
(ANOVA), except for body weight gain, which was analyzed
by two-way ANOVA, followed by the Tukey—Kramer multiple
comparison test, where data were presented as means + stand-
ard error of mean (SEM). For non-parametric data (OFT and
histopathological scoring), Kruskal-Wallis followed by Dunn’s
multiple comparison tests were used instead, and data in this
case were expressed as the median and range (min—max). The
probability limit was set at P <0.05 for all comparisons and
was accepted as being statistically significant.

Results

In this set of experiments, one group of normal animals
received Dapa (without CUS) and was examined concur-
rently with the other groups. However, no significant differ-
ences were observed in these animals compared to the nega-
tive control group in all parameters, and hence, comparisons
were made relative to negative controls, and data for this
group is not graphically represented.

Survival and Body Weight Gain

The CUS procedure was detrimental to both survival and
weight gain as it resulted in #15% mortality and least weight
gain (only #39% by week 5 from week 0). Both Dapa and
Escita co-treatments significantly improved weight gain and
resulted in no mortality. Notably, BQ-788 + Dapa produced
results comparable to those with CUS alone (Table 2; Fig. 2a).

Behavioral Alterations in Rats

No significant difference was observed in OFT among the
groups in terms of locomotor activity, except for CUS + Dapa,
which showed a significant increase in this variable compared
to normal controls. Though all treatment groups showed
increased locomotor activity, compared to normal controls,
including CUS, this increase was not significant (Fig. 2b).
Rearing frequency nearly followed a similar trend, with both
Dapa and Escita groups showing significantly higher rearing
behavior. Interestingly, BQ-788 4+ Dapa showed a significant
reduction in rearing frequency when compared to CUS + Dapa.
In SPT, CUS-subjected rats showed a reduction in sucrose
preference (41.81%), as compared to normal controls (85.64%),
whereas CUS + Escita showed superior improvement in sucrose
consumption than CUS + Dapa, and BQ-788 co-treatment with
Dapa partially decreased the effect of the latter (Fig. 2c).

Table 2 Mortality % observed

. . Group Mortality (%)
in the different treatment

groups during the 5-week CUS Control 0

protocol cus 154

CUS +Escita 0
CUS + Dapa 0
CUS+B+Dapa 154

B BQ-788, CUS chronic unpre-
dictable stress, Dapa dapaglifio-
zin, Escita escitalopram

In FST, the CUS group displayed depression-like behav-
ior, manifested as significant three-fold prolongation of
immobility time as compared to the negative control group.
While this was similarly normalized by the co-administration
of either Dapa or Escita, leading to a considerable reduction
in the immobility time by approximately 57% (compared
to CUS), combined administration of BQ-788 + Dapa sig-
nificantly abrogated the improvements due to Dapa and pro-
duced results similar to that seen with CUS (Fig. 2d).

Notably, results obtained from the OFT ruled out the pos-
sibility that changes induced by CUS alone or any of the
treatments on the immobility time were due to non-specific
effects on motor activity of the rats.

Monoamine Neurotransmitters in the Hippocampus

Stress exposure was associated with suppression of all
monoamines in the hippocampus, especially 5-HT. Com-
pared to negative controls, CUS-exposed rats showed 69%
reduction in hippocampal 5-HT (Fig. 3a), 30% drop in DA
(Fig. 3b), and 21.8% fall in NE (Fig. 3c). Results obtained
with Dapa and Escita were nearly comparable, with no
significant differences between the two groups. Notably,
Dapa led to a 161.45% increase in hippocampal 5-HT and
a 1.54-fold increase in DA content. Dapa co-treatment
also augmented hippocampal NE by 53%. All these values
were calculated as compared to CUS alone.

The ETgR blocker, BQ-788, significantly attenuated
the effects of Dapa on 5-HT and DA, but it did not affect
its outcome on NE.

CUS-Induced Systemic Inflammation

CUS exposure led to a state of systemic inflammation
(Fig. 4), reflected in the upsurge of serum levels of both IL-18
(211.27%) and IL-18 (215.25%), and co-treatment with Dapa
attenuated these effects. Changes due to Dapa and Escita were
similar, with no significant differences between the two treat-
ments. Interestingly, BQ-788 did not significantly affect the
anti-inflammatory potential of Dapa.
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Fig.2 Effect of the 5-week CUS protocol and co-treatments on (a)
body weight gain, (b) ambulation and rearing frequencies in the OFT,
(c) sucrose preference, and (d) immobility time during the FST. Para-
metric data is expressed as the mean of 10— 11 experiments + SEM,
using one-way ANOVA with Tukey—Kramer multiple comparison
post-test, except for body weight gain, where two-way ANOVA was
used instead. Non-parametric data is presented as box and whisk-

CUS-Associated NLRP3 Inflammasome Pathway
Activation in the Hippocampus

Compared to normal controls, animals exposed to CUS
showed a prominent increase in pyroptotic cell death com-
ponents (Fig. 5), namely, p-NF-xB p65 (Ser536; 314.47%),
with consequent increase in the mRNA expression of
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NLRP3 (630.05%), caspase-1 activity (5-fold), IL-1p (3.7-
fold), and IL-18 (2.76-fold).

Comparatively, both Dapa and Escita showed outstanding
suppression of this pathway, with Dapa displaying superior
results; specifically, compared to CUS rats, Dapa suppressed
p-NF-xB p65 (Ser536) by 78.78%, NLRP3 by 67.94%, caspase-1
activity to one-third, IL-1p by 64.34%, and IL-18 by 52.64%.
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Fig.3 Effect of the 5-week CUS protocol and co-treatments on hip-
pocampal contents of (a) 5-HT, (b) DA, and (c¢) NE. Data is expressed
as the mean of 7—8 experiments+SEM, using one-way ANOVA with
Tukey—Kramer multiple comparison post-test; as compared to normal (*),
CUS (@), Escita (&), and Dapa ($)-treated groups (p < 0.05). 5-HT sero-
tonin, B BQ-788, CUS chronic unpredictable stress, DA dopamine, Dapa
dapagliflozin, Escita escitalopram, NE norepinephrine
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Fig.4 Effect of the 5-week CUS protocol and co-treatments on serum
levels of (a) IL-1p and (b) IL-18. Data is expressed as the mean of 7—8
experiments +SEM, using one-way ANOVA with Tukey—Kramer multi-
ple comparison post-test; as compared to normal (*), CUS (@), Escita (&),
and Dapa (§)-treated groups (p < 0.05). B BQ-788, CUS chronic unpre-
dictable stress, Dapa dapagliflozin, Escita escitalopram, IL interleukin

Although BQ-788 mitigated the overall effect of Dapa,
none of its outcomes was significantly different, except for
NF-xB (3-fold increase) and NLRP3 (approximately 2-fold
increase), when compared to Dapa treatment.

Hippocampal ET System
Disturbances in the hippocampal ET system in the CUS group

involved its three major components, viz., ET-1, ET,R, and
ETgR (Fig. 6), wherein, compared to negative controls, ET-1
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Fig.5 Effect of the 5-week CUS protocol and co-treatments on hip-
pocampal (a) p-NF-xB p65 (Ser536) content, (b) mRNA expression
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way ANOVA with Tukey—Kramer multiple comparison post-test; as
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groups (p < 0.05). B BQ-788, CUS chronic unpredictable stress,
Dapa dapagliflozin, Escita escitalopram, IL interleukin, p-NF-xB
p65 (Ser536) phosphorylated nuclear factor-kappa B p65 at Ser 536,
NLRP3 nucleotide-binding oligomerization domain, leucine-rich
repeat and pyrin domain-containing protein 3
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Fig.6 Effect of the 5-week CUS protocol and co-treatments on hip-
pocampal (a) ET-1 contents, (b) miR-125a-5p, and (¢) ETR gene
expressions. Data is expressed as the mean of 6 —8 experiments + SEM,
using one-way ANOVA with Tukey—Kramer multiple comparison
post-test; as compared to normal (*), CUS (@), Escita (&), and Dapa
($)-treated groups (p < 0.05). B BQ-788, CUS chronic unpredictable
stress, Dapa dapagliflozin, Escita escitalopram, ET-1 endothelin-1,
ETRs endothelin receptors

showed a prominent 3.3-fold elevation that corresponded to
a 67% drop in miR-125a-5p, along with an #35% increase
in the mRNA expression of ET,R that was not statistically
significant. In contrast, CUS was associated with a significant
decline in the expression of ETgR (37.5% of control value).

Co-treatment with Dapa significantly inhibited CUS-induced
ET-1 elevation by 42.68% with a parallel increase in the expres-
sion of miR-125a-5p. Compared to CUS, Dapa did not consider-
ably affect ET,R expression, but it enhanced the expression of
ETgR by 239.08%. Congruent with these results, Escita exerted
a significant yet weaker effect on hippocampal ET system com-
ponents; i.e., it suppressed ET-1 by 40.44% and enhanced ETzR
expression by 114.68%, with no substantial effect on ET,R.

BQ-788 almost completely abrogated the effect of Dapa
as results were comparable to that of the CUS group.

BBB Integrity

Compared to normal controls, a significant increase in both
cortical and hippocampal contents of TNF-a was revealed
in the CUS group, with hippocampal contents being higher
than those seen in the cortex (Fig. 7a). Further, cortical and
hippocampal TNF-a increased by 38% and 66.23%, respec-
tively, due to CUS, when compared to normal rats. Addi-
tionally, a prominent 3-fold escalation in the expression of
cortical miR-501-3p was observed (Fig. 7b). In line with
these results, the CUS protocol had a detrimental effect on
cortical ZO-1 immunoreactivity, with a scarce presence of
Z0-1-positive cells (Fig. 7c).

Treatment with Dapa was associated with remarkable
modifications in these markers, as it led to a decrease in
cortical and hippocampal TNF-a by 10% and 35.15%,
respectively, and suppressed miR-501-3p expression by 91%.
These outcomes were positively reflected in ZO-1 immu-
noreactivity, as Dapa treatment almost normalized the TJ
protein expression with 10.4% area staining. These outcomes
were analogous to those seen with Escita, except for ZO-1
expression, which was not at par with Dapa—percentage
area stained was significantly lower at 8.7%.

Even though BQ-788 showed a positive outcome only
on cortical TNF-a, displaying a further decrease compared
to Dapa treatment, ZO-1 expression was, unexpectedly,
severely affected and matched that of CUS.

Alterations in Hippocampal Neuroplasticity/
Synaptic Plasticity

CUS was detrimental to both neuronal and synaptic plastic-
ity (Fig. 8) as it was associated with 23% and 59% decline
in hippocampal BDNF and synapsin-1 contents, respec-
tively. Dapa significantly elevated both BDNF (39.21%)
and synapsin-1 (by 2.3-folds) contents compared to CUS,
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Fig. 7 Effect of CUS and co-treatments on (a) cortical/hippocampal
TNF-a contents, (b) cortical miR-501-3p gene expression, and (c)
cortical ZO-1 expression, where the representative photomicrographs
(n=3) of ZO-1 immuno-staining show microsections of (i) nega-
tive control, (i) CUS, (iii) CUS + Escita, (iv) CUS+ Dapa, and (v)
CUS + B +Dapa (400, scale bar 50 um), with (vi) showing the per-
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centage area staining. Data is expressed as the mean of 6—8 experi-
ments + SEM, using one-way ANOVA with Tukey—Kramer multiple
comparison post-test; as compared to normal (*), CUS (@), Escita
(&), and Dapa ($)-treated groups (p < 0.05). B BQ-788, CUS chronic
unpredictable stress, Dapa dapagliflozin, Escita escitalopram, ZO-1
zonula occludens-1, TNF-a tumor necrosis factor-a
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Fig.8 Effect of CUS and co-treatments on hippocampal (a) BDNF and
(b) synapsin-1 contents. Data is expressed as the mean of 7—8 experi-
ments + SEM, using one-way ANOVA with Tukey—Kramer multiple
comparison post-test; as compared to normal (*), CUS (@), Escita
(&), and Dapa ($)-treated groups (p < 0.05). B BQ-788, BDNF brain-
derived neurotrophic factor, CUS chronic unpredictable stress, Dapa
dapaglifiozin, Escita escitalopram

and these results were almost identical to those obtained
with Escita.

Finally, BQ-788 co-treatment led to a rigorous decline in
both BDNF and synapsin-1 compared to Dapa, which was
similar to that seen with CUS.

Cortical and Hippocampal Histopathological
Findings

Compared to normal architecture seen in the control animals
(Figs. 9a and 10a), those exposed to CUS showed altered

histopathology, both in the cerebral cortex (Fig. 9b—d) and
in the hippocampus (Fig. 10b). Cortical photomicrographs
revealed severe neuropathic alterations that included perivas-
cular and intracellular edema, necrosis of pyramidal neu-
rons, vacuolation of the neuropil, pyknosis of granular cells,
proliferation of glial cells, and neuronophagia (Fig. 9b—d).
The severity of these neuropathic findings was nearly identi-
cal in the Dapa + BQ-788 group (Fig. 9g), though necrosis
of the pyramidal neurons was the worst outcome. In con-
trast, marked regression of these neuropathic changes was
observed in the cerebral cortex of Dapa-treated rats (Fig. 9f),
as only slight vacuolation of the neuropil and sporadic
necrosis of pyramidal neurons were observed. Meanwhile,
the morphological picture of Escita-treated animals (Fig. 9¢)
was comparable to that seen with Dapa.

Light microscopy findings were identical in the hip-
pocampus and the cortex. Both Dapa (Fig. 10d) and Escita
(Fig. 10c) scored equally with respect to injury, but dark
eosinophilic cytoplasm was only seen in Dapa+ BQ-788
panels (Fig. 10e).

Discussion

In the present study, the antidepressant potential of Dapa,
a SGLT2 inhibitor, was evaluated and our results not only
highlight previously unexamined pathways in the pathogen-
esis of depression but also imply that this antidiabetic drug
has concomitant positive outcomes on mental health, tak-
ing into consideration the high concurrence of depression in
diabetic patients [6]. The well-established CUS model was
utilized to induce depression-like symptoms in experimental
animals. As this model has been frequently used, it is reli-
able, valid, relatively easy to apply, and indeed produces a
wide array of neurobiological sequelae that reflect human
depression [49, 50]. Here, Escita was used as a reference
antidepressant agent, owing to largely consistent data on its
efficacy and dosage in CUS models [37, 45].

The CUS protocol used here signified its detrimental
effects on survival and weight gain, as previously observed
[34]. It also revealed the anhedonic and despair features of
depression on rats [8, 45, 51, 52]. However, in the OFT, no
obvious differences were noted among the treated groups,
although most of them showed higher ambulation and rear-
ing frequencies as compared to controls. While these results
are similar to those reported previously [34, 53], others have
described opposite outcomes [34, 51, 54], which may be
attributed to differences in CUS protocols and duration,
and/or animal strain and age. Neurochemical alterations in
the three estimated monoamines, i.e., 5-HT, DA, and NE in
CUS-exposed rats, not only support the behavioral changes
but also confirm progression of a depressive phenotype [34,
55, 56].
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Fig.9 Representative photomicrographs of H&E-stained microsec-
tions from the cerebral cortex (n=3). Pathological changes are indi-
cated by black arrows in the panel. Slides from (a) negative control
rats reveal normal architecture, while those obtained from (b, ¢, d)
CUS group display necrosis of pyramidal neurons (NP), pyknosis of
granular cells (PG), perivascular and intracellular edema (VE and CE,
respectively), proliferation of glial cells (GL), and vacuolation of neu-
ropil (VN). Marked necrosis of pyramidal neurons (NP) is the major
feature in (g) BQ-788+ Dapa-treated rats, while both (f) Dapa and

Given the neuroimmune hypothesis of depression, previ-
ous studies have reported that CUS has detrimental periph-
eral effects [57, 58]; this was supported herein by the state of
systemic inflammation as represented by elevated IL-1p and
IL-18 levels. These cytokines, when peripherally elevated,
are frequently associated with MDD and other mood dis-
orders [2, 8, 12]. This systemic inflammation was reflected
in brain biochemistry as well, specifically, by activation
of the NLRP3 inflammasome pathway and the presence
of congruent histopathological findings. Previous studies
have documented the association between CUS and NLRP3
activation, which resulted in neuro-inflammation, impaired
neurogenesis, and BBB disruption [12, 59-61]. Although
basal expression of NLRP3 under normal conditions is not
sufficient to activate the inflammasome, it can be upregu-
lated by various stimuli, including NF-xB, and this is called
the priming step [62]. Various studies have indeed identi-
fied NF-xB as a mediator of depressive behavior induced
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(e) Escita show only mild changes with neuronophagia (NH) being
only seen in Escita (400X, scale bar 50 wm). The pathological scores
are represented in panel (h), where data is presented as box and whisk-
ers by median (min—max) and 25"—75" percentile values using
Kruskal-Wallis test with Dunn’s multiple comparison post-test; as
compared to normal (*), CUS (@), Escita (&), and Dapa ($)-treated
groups (p < 0.05). B BQ-788, CUS chronic unpredictable stress, Dapa
dapagliflozin, Escita escitalopram

by CUS [63]. After priming and activation, pro-caspase-1
is proteolytically cleaved into active caspase-1 which in
turn converts pro-IL-1p/IL-18 into their mature forms and
initiates a highly inflammatory form of cell death, namely,
pyroptosis [10—12, 62]. In a vicious cycle, both pyroptosis
and IL-1pB induce the assembly of additional inflammatory
mediators, such as TNF-a [62]. This comes in accordance
with our results where the entire NF-xB/NLRP3/caspase-1/
IL-1B/IL-18/TNF-a axis was activated in the CUS group.
The stress protocol and resultant NLRP3 inflammasome
activation were reflected in the ET system as hippocampal
ET-1 levels were significantly increased, while ET,R expres-
sion was only slightly elevated and ETgR was suppressed.
Only a few studies have addressed the link between the ET
system and depression. Specifically, in two clinical studies,
severe depressive symptoms were associated with high plasma
ET-1 levels in post-acute coronary syndrome patients [64, 65],
although an earlier study found no connection between the
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Fig. 10 Representative photomicrographs of H&E-stained microsec-
tions from hippocampal CA1 region (n=3). Pathological changes are
indicated by black arrows in the panel. Slides from (a) normal control
rats reveal normal architecture, while those obtained from (b) CUS
group display vacuolation and necrosis of pyramidal neurons (VP and
NP, respectively) and pyknosis of granular cells (PG). The same find-
ings were almost replicated in (e) BQ-788 + Dapa-treated rats, while

two variables [66]. To the best of our knowledge, this is the
first study to report a disturbance in the expression of hip-
pocampal ETRs under the influence of stress. Loria et al. [67]
have previously reported that early life stress in rats reduced
peripheral expression of both ET,R and ETzR. Additionally,
central ETgR deficiency in rats was associated with higher
constrictor response, increased apoptosis, and a decline in
neural progenitor cells in the brain, emphasizing the impor-
tance of ET3R in CNS development and maturity [68].

In the current study, higher ET-1 levels were correlated
with activation of the NLRP3 pathway, which is contrary
to the findings reported by Ward and Ergul [15]. Neverthe-
less, our findings are further strengthened by the fact that
ET-1 release is strongly influenced by various inflamma-
tory mediators, including IL-1B, TNF-a, and NF-xB [16],
and that ET-1 itself was found to activate these molecules
and increase their expression [69]. Hence, it appears that
the relation between the NLRP3 inflammasome and the
ET system is bi-directional [13, 14]. In the same context,
ET-1 gene expression can be regulated by miRNAs, par-
ticularly miR-125a. This miRNA has been reported to nega-
tively regulate not only ET-1 [21], but also the NLRP3 gene
expression [70]. In congruence, miR-125a was found to be

Hippocampal
neuropathological scoring

—_
—
)

both (c) Escita and (d) Dapa show no alterations (400 X%, scale bar
50 wm). The pathological scores are represented in panel (f), where
data is presented as box and whiskers by median (min—max) and
25M—75% percentile values using Kruskal-Wallis test with Dunn’s
multiple comparison post-test; as compared to normal (¥), CUS (@),
Escita (&), and Dapa ($)-treated groups (p < 0.05). B BQ-788, CUS
chronic unpredictable stress, Dapa dapagliflozin, Escita escitalopram

downregulated in the hippocampus of an animal model of
chronic mild stress [71] and, conversely, its upregulation was
associated with stronger BBB TJ complex formation [22].
These findings constitute adequate evidence for the use of
miR-125a as a potential therapeutic target in MDD.

The previously mentioned trajectories were reflected
on the main brain defense mechanisms, i.e., BBB integrity
and neurogenesis/plasticity pathways. Our results revealed
that CUS orchestrated multiple mechanisms that threatened
the BBB. These include activation of the NLRP3 inflam-
masome pathway [9] and systemic inflammation, with con-
sequent production of various cytokines that are known to
negatively affect the BBB [62, 72]. Indeed, some studies
have documented the deleterious effects of different psy-
chological stressors on the BBB [72]. This was further
aggravated herein by the disturbance caused by downreg-
ulation of miR-125a-5p and, conversely, upregulation of
miR-501-3p, a miRNA through which TNF-a is thought to
increase BBB leakage by suppressing ZO-1 [23, 24]. Finally,
CUS repressed BDNF, a historic neurogenesis and plastic-
ity mediator, and synapsin-1, a synaptic plasticity marker,
which is in concordance with results from various studies
[73, 74].
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The antidepressant properties of Dapa were highly anal-
ogous to those of Escita, from behavioral observations to
biochemical and histopathological findings. In this regard,
Dapa abolished CUS-induced mortality and improved both
weight gain and behavioral deteriorations. Moreover, Dapa
reduced monoamine deficiency in the hippocampus—an
outcome that can be linked to suppression of the NLRP3
inflammasome pathway and its associated ILs [12].

To be more specific, even though the anti-inflammatory
properties of Dapa and other SGLT? inhibitors are well-
documented [28, 29], little is known about their ability to atten-
uate the NLRP3 inflammasome that potentially represents a
promising therapeutic target for SGLT2 inhibitors [75, 76].
Interestingly, standard antidepressants have recently been
recognized for their ability to modulate this pathway and,
thereby attenuate the inflammatory response and promote
stress resilience [77]. In this context, Dapa demonstrated its
strong anti-inflammatory potential both peripherally by sup-
pressing ILs overproduction and centrally by hindering the
NLRP3 inflammasome activation axis. More importantly,
histopathological findings seen with Dapa supported these
biochemical outcomes.

Dapa was found to restore the disturbed ET system.
Though Dapa has been previously reported to improve
endothelial dysfunction [78], no evidence regarding its
suppressive effect on ET-1 has been documented. Nonethe-
less, this effect can be explained by the established anti-
inflammatory potential of Dapa and its ability to suppress
various cytokines known to stimulate ET-1 production
[78]; importantly, these cytokines represent end products
of the NLRP3 inflammasome cascade. The ability of Dapa
to normalize both miR-125a-5p and ETyR expression is an
additional merit that reflected in both neurotrophins pro-
duction and BBB maintenance. Additionally, Dapa conceiv-
ably enhanced ZO-1 expression through modulation of the
NLRP3/TNF-a/miR-501-3p/Z0O-1 axis.

Based on all these advantages, it was not surprising for
Dapa to outstandingly boost levels of both BDNF and
synapsin-1. In fact, Lin et al. [79] have reported that empagli-
flozin, a SGLT?2 inhibitor, enhanced cerebral BDNF in diabetic
obese mice; however, the mechanism mediating this effect
was not clear. Given the established role of ETzR signaling
in controlling neurogenesis and synaptogenesis [16, 39, 80],
our observations confirm that BQ-788 + Dapa remarkably
reduced both BDNF and synapsin-1 levels and worsened
not only the histopathology but also behavioral outcomes.
Even though a strong body of evidence supports the positive
relation between ETR blockade and the BBB integrity, our
findings are not in the favor of this hypothesis, which can
be explained by BDNF deficiency secondary to BQ-788 co-
treatment [81, 82]. BDNF preserves endothelial and intesti-
nal mucosal barrier functions, and its deficiency is correlated
with lower ZO-1 expression [81, 82]. As BQ-788 treatment

@ Springer

reversed most of the positive outcomes associated with Dapa
herein, ET3R signaling could represent a core feature by
which Dapa enhanced neuroplasticity and promoted stress
resilience in rats.

Conclusion

The prevalent resistance to traditional antidepressants neces-
sitates the development of novel therapies that go beyond
the idea of deficient monoamines and focus on innovative
mechanisms that promote stress resilience. Dapa, a SGLT2
inhibitor, has drawn the attention towards its benefits on
CNS. Our results imply that the NLRP3 inflammasome may
be a promising therapeutic target for depression and that
Dapa can significantly suppress its activation to halt both
neuro-inflammation and BBB disturbance, mediated through
the NLRP3/IL/TNF-a/miR-501-3p/Z0O-1 axis. Additionally,
we demonstrate herein, for the first time, a significant role
of ETyR signaling in mediating neuroplasticity upon Dapa
treatment via the miR-125a-5p/ET-1/ETR/BDNF/synapsin-1
signal transduction pathway.
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