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ABSTRACT: Despite the widespread use of selective serotonin
reuptake inhibitors like sertraline, the intricate molecular
mechanisms underlying major depression and the therapeutic
efficacy of these treatments remain not fully elucidated. Building on
our preliminary findings, this study investigates the antidepressant
effects of fasudil, a Rho-associated protein kinase (ROCK)
inhibitor typically utilized as a vasodilator and antispasmodic,
and compares its effects with those of sertraline using a chronic
restraint stress model in rats. Specifically, we examined the effects
of chronic administration on dendritic spine density, key molecular
survival pathways, and miRNA levels in the hippocampus. Adult
male Sprague-Dawley rats were administered sertraline, fasudil (10
mg/kg/day), or saline over 14 days, with a subset experiencing
daily restraint stress. Our findings demonstrate that both sertraline and fasudil effectively prevented stress-induced reductions in
dendritic spine density and miR-138 levels in the rat hippocampus. Additionally, by employing a network pharmacology approach,
we explored the converging molecular pathways influenced by both drugs, facilitating the identification of novel molecular targets
and pathways implicated in the pathophysiology of depression and its treatment. Pharmacoinformatic analysis revealed common
signaling cascades and critical proteins that may potentially underlie the observed pharmacological effects, contributing to a
paradigm shift in understanding depression by integrating drug repurposing and network pharmacology, offering valuable insights
into the underlying mechanisms of depression and the antidepressant effect from a new network-based paradigm rather than
focusing solely on a single protein target.
KEYWORDS: sertraline, fasudil, miRNA, antidepressant, network pharmacology, depression

Depressive and anxiety disorders have emerged as the most
disabling mental disorders, ranking among the leading causes
of burden worldwide.1 Despite the considerable impact of
major depression, little is known about the precise molecular
mechanisms associated with its etiology and how the
antidepressants produce their therapeutic effect. Drugs like
sertraline or fluoxetine, which are selective serotonin reuptake
inhibitors (SSRI) antidepressants, have been used for decades
and their prescription rates have significantly increased.2

However, there is a considerable lag time between the
blockage of serotonin transporter by these drugs and the
onset of antidepressant effects (usually 3 to 8 weeks)
evidenced as a reduction in clinical symptoms or severity.3

Thus, the described mechanism of antidepressants’ action,
specifically the increase in the concentration of monoamines in
the synaptic cleft, is not sufficient to explain the pharmaco-
logical effects. Converging lines of evidence have shown

adaptive adjustments in several neuroplasticity-related mech-
anisms including variation in the gene expression, modification
in synaptic biomarkers in diverse brain areas, and hippocampal
neurogenesis.4 Therefore, a better understanding of the
mechanisms underlying depressive disorders and antidepres-
sant drug action is crucial to develop more effective and safer
pharmacological treatments.
Genetic research has highlighted the heritability of

depression and the interaction between genes and the
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environment as important factors in depression vulnerability,5

in which stress seems to play a significant role in the
development of this complex psychiatric disorder.6 In fact, the
prevalence of depression increased during the COVID-19
pandemic, likely due to elevated stress levels in the
population.7 Animal models based on chronic stress protocols
can emulate depressive-like behaviors in rodents, observable in
behavioral tests, as well as findings at the anatomical and
molecular levels that resemble those observed in humans.8−10

Similarly, these models are responsive to antidepressant drugs,
as they can prevent and/or reverse the effects of stress.11 One
of the most reported findings both in humans and animal
models of depression is the reduction in hippocampal
volume.12,13 There are several factors that could contribute
to hippocampal volume loss, including dendritic atrophy, spine
density reduction of pyramidal neurons,10,14 and reduction in
glial density.15 Additionally, a decrease in the activity of
signaling pathways linked to neuroplasticity, neuron survival,
and neurogenesis has been described,16 being the CREB/BCL-
2 pathway crucial in the antidepressant drug actions and its
dysregulation in depressive disorder.17−19 Moreover, molecular
actors such as microRNAs (miRNAs) have been in the
spotlight of depression etiology,20 where these small non-
coding RNAs play an important role in post-transcriptional
gene regulation by controlling mRNA translation.21

We have previously reported that chronic administration of
fasudil, a Rho-associated protein kinase (ROCK) inhibitor
used as a vasodilator and antispasmodic, showed antidepres-
sant-like effects in the forced swimming test (FST) similarly to
sertraline.22 Thus, fasudil and sertraline prevent the restraint
stress-induced increase in immobility time in rats during the
FST.23 Additionally, fasudil and sertraline prevent both stress-
induced anxiety and the impairment of associative learning,22

which are behaviors related to hippocampal function (Table
1). Fasudil has been reported to exhibit an antidepressant-like
effect not only in unstressed adolescent rodents24 but also in
other stress models.25 Additionally, our findings indicate that
fasudil prevents chronic restraint stress-induced dendritic spine
loss in the rat hippocampus,23 suggesting an important role in
structural neuroplasticity.14,26 Interestingly, evidence has
shown that miRNAs impact neuronal structural plasticity
associated with dendritic spine density, modify their levels
under chronic stress, and may play a significant role in the
antidepressant effect of drugs.10,27 Thus, the identification of
multiple targets of miRNAs introduces new levels of
complexity to the current understanding in not only the stress
response but also the antidepressant mechanisms and pathways
involved.

Based on the aforementioned findings, fasudil emerges as a
potential candidate for drug repurposing as an antidepressant,
with a potential use for treatment of resistant depression, as
suggested by an in silico approach.28

Given the shared antidepressant-like effects of fasudil with
the antidepressant sertraline, we explored whether spine
density, molecular pathway CREB/BCL-2 related to cell
survival, and miRNA levels in the hippocampus are specifically
influenced by the chronic administration of each drug that may
explain the broad actions in the rat chronic restraint stress
model. Additionally, we evaluated the converging pathways of
both drugs using network pharmacology, which may unveil
novel molecular key players and pathways related to structural
neuroplasticity. This study contributes to a paradigm shift in
understanding depression and antidepressant mechanisms by
integrating drug repurposing and network pharmacology
strategies.

■ RESULTS AND DISCUSSION
This study compared the morphological and molecular effects
in the hippocampus of rats treated with the SSRI
antidepressant sertraline or the ROCK inhibitor fasudil, aiming
to determine shared mechanisms/pathways that could explain
the common antidepressant-like effect in the FST9,23 of these
drugs, which differ in terms of their structure, as well as their
currently described molecular targets and mechanisms.

Effect of Sertraline or Fasudil Treatment on Stress-
Induced Reduction of Body Weight Gain. Chronic
restraint stress is widely used to recapitulate depression
phenotypes in rodents such as anhedonia, observed as a
decrease in sucrose preference.8,10 Additionally, animals
subjected to chronic stress exhibit an increase in the time
spent in immobility in the FST.9,23 These behaviors can be
prevented by the chronic administration of known anti-
depressants, thereby supporting the predictive validity of the
model.8 It is widely reported that chronic stress models result
in a decrease in weight gain.9,10,23 According to this, we
registered the weight gain as a stress readout to corroborate the
efficacy of the stress exposure protocol. During the days prior
to drug administration and exposure to the stress protocol
(−10 to day 0), the variation in weight gain between groups
showed no differences (Figure 1). However, following the
initiation of treatment, distinct patterns of weight gain emerged
among the groups. A two-way ANOVA was performed, which
showed a significant effect of time (days) (F24, 625 = 479.9, p <
0.001), treatments (F5, 625 = 98.20, p < 0.001), and the
interaction of these factors (F120, 625 = 5.594, p < 0.001)
(Figure 1A). Additionally, to analyze how sertraline or fasudil
and stress impact the weight gain, a two-way ANOVA was

Table 1. Summary of Sertraline and Fasudil Effects on Behavioral Tests

behavioral test outcomes restraint stress sertraline fasudil

forced swim
test

depressive be-
havior and the
efficacy of
antidepressants

increase time spent in immobility
compared to control (depressive-
like behavior) in restraint stressed
rats9,23 and other models, such as
social defeat stress25

the administration of sertraline prevents an
increase in the time spent in immobility
(indicative of anti-depressant-like behavior)
in stressed animals and promotes an increase
in swimming behavior9

the administration of fasudil prevents an
increase in the time spent in immobility
(indicative of anti-depressant-like behavior)
in stressed animals and promotes an increase
in climbing behavior23

elevated plus
maze

anxiety and the
anxiogenic or
anxiolytic ef-
fect

decrease on the open to total ratios
(OTR) for entries and OTR for
time, compared to control (anxiety
behavior)9,22

administration of sertraline on control or
stressed animals did not elicit anxiolytic or
anxiogenic-like effects9

administration of fasudil partially prevents the
stress-induced decrease OTR and OTR for
time, indicating an anxiolytic-like effect22

active avoid-
ance condi-
tioning

associative learn-
ing and mem-
ory

decrease of conditioned avoidance
responses (CAR) and increase of
escape failure (EF)9

Sertraline administration on control animals
reduces the CAR. However, in stressed
animals, the drug prevents the reduction of
CAR and increase of EF9

fasudil administration prevents the decrease of
CAR and increase of EF, on stressed
animals22
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conducted, focusing on the variations observed at the end
point, i.e., in the last day of treatment. Stress (F1, 24 = 38.89, p
< 0.001) and drug treatments (F2, 24 = 15.53, p < 0.001) but
not the interaction of these factors showed a significant effect
(Figure 1B). Post hoc analysis revealed that the STRESS group
exhibited a reduction in weight gain of approximately 6% (p <
0.001) compared to the CONTROL group at the end of the
14 day treatment, and neither sertraline nor fasudil could
prevent this effect. Fisher’s LSD test analysis also indicated that
the control group that received sertraline showed a significant
decrease in weight gain of approximately 6%, compared to the
control group (p < 0.001; CONTROL vs SERTRALINE).
Furthermore, stressed animals treated with sertraline showed a
lower increment in weight gain compared to the stress group
(p < 0.05; STRESS vs STRESS SERTRALINE), suggesting an
additive effect of sertraline and stress.

Our results revealed a similar weight gain rate in all animals
in the days preceding stress application or drug administration,
demonstrating a normal and comparable physiological state
among all experimental animals. Subsequently, from day 1 of
stress, stressed animals exhibited a significant decrease in
weight gain, possibly mediated by reduced food intake and
metabolic changes.29 As for the action of the pharmacological
agents used, it was observed that, unlike fasudil, sertraline
caused a decrease in weight gain in both stressed and
nonstressed animals. One possibility is that the animals treated
with sertraline reduce their food intake. In agreement, it is
well-documented that selective SSRIs may reduce appetite and
consequently lead to a decrease in food consumption in rats
through a serotonin-dependent mechanism,8,9,30 which is
therefore an expected outcome for sertraline. In contrast,
fasudil did not alter weight gain, which is consistent with our
previous report.23

Sertraline and Fasudil Prevent Stress-Induced CREB
Dysregulation without Affecting BCL-2 Expression. The
CREB/BCL-2 pathway has a crucial role not only in cell
differentiation and survival but also in the structural and
functional plasticity of neurons.19 This is particularly relevant
considering the hippocampal volume reduction observed in
depressive subjects and associated animal models.12,13 We
evaluated the levels of proteins CREB, pSer133CREB, and
BCL-2 to establish the impact of sertraline and fasudil
treatments on this pathway. Representative Western blot
bands are shown in Figure 1A, while uncropped blot images
used for quantification are available in Figure S1 (Supporting
Information). The two-way ANOVA of CREB protein levels
show statistically significant interaction between stress and
treatment effects (F2, 24 = 9.263, p < 0.01). Fisher’s LSD post
hoc analysis revealed an increase in CREB levels of control
animals treated with sertraline (p < 0.01; CONTROL vs
SERTRALINE) and stressed animals receiving saline (p <
0.05; CONTROL vs STRESS). Interestingly, although fasudil
did not trigger any change in CREB levels of controls, both
sertraline and fasudil prevented the stress-induced increase in
CREB levels (p < 0.05) (Figure 2B). The increased CREB
levels of control animals treated with sertraline are consistent
with chronic administration of other SSRIs such as desipr-
amine and fluoxetine.8,31 Additionally, in stressed animals,
sertraline and fasudil prevented the stress-induced increase in
CREB, showing a differential effect depending on the stress
condition. The mechanism by which stress or antidepressants
modify CREB protein levels is not fully described; it is believed
that the effect might be mediated through their action on 5-
HT or adrenergic receptors.31

CREB regulates important genes such as BCL-2 and BDNF,
essential for neuronal functions.19 Serotonin can activate the
MAPK pathway through the activation of its receptors
(especially the 5-HT7 receptor) in hippocampal neurons.32,33

On the other hand, the activating phosphorylation of CREB
(Ser133) has been described as an effect of antidepressants and
proposed as a convergent point among various classes of these
drugs.34 However, when evaluating the levels of pCREB
relative to actin, no changes were observed in any experimental
group (Figure 2C), which could indicate that changes in the
activation of this pathway are not an indispensable event in the
antidepressant effect observed in the FST. We also analyzed
the BCL-2 protein, recognized for its role in apoptosis
regulation and cellular survival, with established connections
to the antidepressant effect.35,36 Neither stress nor drug

Figure 1. Effect of stress and sertraline or fasudil treatment on body
weight gain. (A) Plot represents mean ± SEM of changes in body
weight as a percentage of initial values for the control animals. Black
arrows indicate the starting point of drug treatment and/or restraint
stress protocol. (B) Variation of body weight at the end point of
treatments (on day 14), representing the total percentage change in
weight gain. Data were analyzed by two-way ANOVA followed by
Fisher’s LSD test. *p < 0.05; **p < 0.01; ***p < 0.001. N = 5 for all
conditions. Table S2 shows detailed statistical tests used.
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treatments produced any effect on BCL-2 protein levels
(Figure 2D).
These results indicate a greater impact of sertraline

compared to fasudil on CREB protein levels, with both
drugs preventing the stress-induced increase in CREB.
However, the pCREB/CREB ratio and BCL-2 levels remained
unchanged across all experimental conditions.

Both Sertraline and Fasudil Prevented the Chronic
Stress-Induced Spine Density Decreases in Apical
Dendrites of CA1 Pyramidal Neurons. The morphological
alteration of neurons specifically dendritic atrophy and reduced
spine density in pyramidal neurons10,14 is closely associated
with depression-like behaviors in animal models, suggesting
that changes in excitatory synapses may contribute to the
symptoms of depression.14 Dendritic spines are considered a
potential target for antidepressant-like effects, providing
insights into the shared effects exhibited by fasudil and
sertraline in behavioral tests. Therefore, the effect of stress,
sertraline, and fasudil on the density of apical dendritic spines
in CA1 hippocampal neurons was evaluated (Figure 3A). Two-
way ANOVA indicated a main effect of stress (F1, 21 = 10.80, p
< 0.01) but not of drug treatments; nonetheless a significant
interaction was detected (F2, 21 = 6.923, p < 0.01). Fisher’s
LSD post hoc analysis revealed that stress produced a
statistically significant decrease (p < 0.001; CONTROL vs
STRESS) in dendritic spine density, an effect that was
prevented by the administration of sertraline (p < 0.05;
STRESS vs STRESS SERTRALINE) and fasudil (p < 0.01;
STRESS vs STRESS FASUDIL) (Figure 3C). However, both

sertraline and fasudil did not alter the spine density in
unstressed animals, indicating that the effect is determined
probably by the state of the stress response. Similar results
have been observed in control animals administered with
amitriptyline37 or fluoxetine38 for 14 days. The decrease in
hippocampal dendritic spines observed in stressed rats is
consistent with increases in depressive-like behaviors, such as
heightened immobility time in the FST, as reported in other
studies.10,39 Additionally, the reduction in spine density has
been associated with anxiety behaviors and associative learning
(Table 1),9,22 while associative memory formation increases
dendritic spines in the CA1 area of the hippocampus.40 Given
that dendritic spines are structures where synaptic connections
may occur, it is evident that changes in the proportion of
immature and mature dendritic spines and their density may
be closely associated with behavioral performance. Further-
more, antidepressants have been demonstrated to reverse some
of these structural changes, suggesting that alterations in
dendritic spines and plasticity at excitatory synapses contribute
to depression symptoms.14 In this context, tricyclic anti-
depressants like amitriptyline,37 imipramine,41 desipramine,39

and fluoxetine42 have been shown to prevent or reverse the
reduction of dendritic spines in the CA1 area of the
hippocampus. In our study, we demonstrated that sertraline
prevented the chronic restraint stress-induced spine density
decrease in apical dendrites of CA1 hippocampal pyramidal
neurons. Similarly, our previous research showed that chronic
administration of fasudil also prevented dendritic spine
reduction in chronically stressed animals,23 which is confirmed

Figure 2. Effect of stress and sertraline or fasudil treatment on CREB/BCL-2 pathway protein levels in the rat hippocampus. (A) Representative
immunoblots of analyzed proteins. The bar graphs (mean ± S.E.M.) illustrate the impact of restraint stress and the treatments (sertraline or fasudil)
in control (white bars) and stressed animals (gray bars), on (B) CREB, (C) pSer133CREB, and (D) BCL-2 protein levels relative to control, in
whole hippocampal homogenates. CREB and BCL-2 were normalized using β-actin as the loading control, while pCREB were expressed as a ratio
of phosphorylated/total protein. Data were analyzed by two-way ANOVA followed by Fisher’s LSD test. *p < 0.05; **p < 0.01. N = 5 for all
conditions. Table S2 shows detailed statistical tests used.
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in this study and constitutes a shared effect with sertraline and
other antidepressants. Moreover, other novel drugs in
depression treatment, such as the multimodal antidepressant
vortioxetine, have also been found to influence hippocampal
morphology, with reported increases in dendritic spine density
in CA1,38 similar to electroconvulsive therapy43 and promising
antidepressant agents like ketamine.44 This convergence of
effects on hippocampal dendritic spines by a variety of agents
and treatments used for major depression indicates a clear
relationship between this pathology and its treatment with
dendritic spine density and remodeling.

To assess whether the preventive effect on the reduction of
dendritic spine density induced by stress occurs in areas closer
to the initial portion of the secondary dendrite or at more
distal locations, an analysis was performed on the number of
spines within 8 μm segments starting at 16 μm from the initial
branching point. The two-way ANOVA (Figure 3D) showed a
significant effect of treatment (F5, 168 = 29.20, p < 0.001) but
not of distance or the interaction between these factors.
Subsequent post hoc analysis showed that stress reduced spine
density along the dendrite compared to the control. However,
the preventive effect of sertraline on dendritic spine loss of
stressed animals (STRESS SERTRALINE vs STRESS) was

Figure 3. Effect of stress and sertraline or fasudil treatment on spine density and morphology in apical dendrites of CA1 hippocampal pyramidal
neurons. (A) A representative isolated Golgi-stained pyramidal neuron from the CA1 hippocampal region in the stratum radiatum area is presented.
The segment of the dendrite used for spine counting was located 16 μm from the initial branching point and extended up to 80 μm. In the
magnified view, various dendritic spine types are observed: “Mushroom spines” (white arrow) were identified when their head diameter exceeded
0.6 μm, while the remaining spines (filopodia, stubby spines, and other protrusions) were classified as “non-mushroom spines”. (B) Representative
dendritic segments for each experimental condition studied. (C) The graph (mean ± S.E.M) shows the effect of the restraint stress and the
treatments (sertraline or fasudil) in control (white bars) and stressed animals (gray bars), on the spine density in a 64 μm segment, expressed as the
number of spines per μm of dendrite. Data were analyzed by two-way ANOVA followed by Fisher’s LSD test. *p < 0.05; **p < 0.01; ***p < 0.001.
(D) Segmental analysis of the spine density (mean ± S.E.M) along a secondary dendrite, every 8 μm segments starting at 16 μm from the
branching point. Data were analyzed by two-way ANOVA followed by Fisher’s LSD test. CONTROL vs STRESS (+p < 0.05; ++p < 0.01; +++p <
0.001); STRESS vs STRESS SERTRALINE (#p < 0.05; ##p < 0.01); STRESS vs STRESS FASUDIL (*p < 0.05; **p < 0.01; ***p < 0.001). (E)
The bar graphs (mean ± S.E.M.) illustrate the effect of the restraint stress and the treatments (sertraline or fasudil) in control (white bars) and
stressed animals (gray bars), on the number of “non-mushroom spines” and (F) “mushroom spines” in a 64 μm dendrite segment. Data were
analyzed by two-way ANOVA followed by Fisher’s LSD test (*p < 0.05; **p < 0.01; ***p < 0.001). (CONTROL N = 5, STRESS N = 5,
SERTRALINE N = 4, FASUDIL N = 4, STRESS SERTRALINE N = 4, STRESS FASUDIL N = 5). Table S2 shows detailed statistical tests used.
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exerted in determined segments of the dendrite (segments 16
to 24, 40 to 48, 56 to 64, and 72 to 80 μm). Fasudil, on the
other hand, presented statistically significant preventive effects
(STRESS FASUDIL vs STRESS) in every analyzed dendritic
segment (Figure 3D). Thus, both drugs can prevent restraint
stress-induced dendritic spine loss, but they exert their effects
differentially along the CA1 of apical dendrites. This result may
evidence differential molecular mechanisms of these drugs on
dendritic spine density.

Sertraline and Fasudil Prevent Dendritic Spine Loss
Differentially According to Their Morphological Fea-
tures. Dendritic spines exhibit a variety of shapes, such as
filopodia, stubby, cup-shaped, or mushroom-shaped, with the
latter being crucial for synaptic connections.45 Furthermore,
we assessed spine types to establish potential differences in
how sertraline and fasudil prevent dendritic spine reduction.
To evaluate differential effects depending on spine morphol-
ogy, we determined the number of mushroom-shaped
dendritic spines and the rest of the spine types (nonmush-
room-shaped spines) in the 64 μm analyzed dendrite segment
(Figure 3E/F). On nonmushroom spines, analysis indicated a
significant main effect of stress (F1, 21 = 7.524, p < 0.05),
treatment (F2, 21 = 4.192, p < 0.05), and the interaction of
these factors (F2, 21 = 3.612, p < 0.05). Post hoc tests revealed
that the reduction in dendritic spine density induced by
restraint stress occurred predominantly in nonmushroom
spines (p < 0.05; CONTROL vs STRESS), reinforcing the
idea that these “immature” spines are more sensitive to stress.
Fasudil treatment in stressed animals prevented the reduction
mainly in nonmushroom spines (p < 0.05; STRESS vs STRESS
FASUDIL) (Figure 3E). In the case of sertraline, the role of

immature or nonmushroom spines alone in mitigating stress
effects is not fully explanatory. For mushroom-type spines, a
two-way ANOVA analysis showed a significant effect of
treatment (F2, 21 = 4.160, p < 0.05). However, post hoc tests
did not uncover any differences between groups.
Fasudil primarily acts on immature spines, like the action of

another ROCK inhibitor, Y-27632, in primary hippocampal
neuron cultures,19,46 suggesting the involvement of the ROCK
protein in dendritic spine modification. Our previous findings
demonstrate that the effects of stress and fasudil on dendritic
spine density are related to the activation or inhibition of
ROCK (determined by phosphorylation levels of MYPT1),23

reinforcing the idea that ROCK has an active participation in
hippocampal morphological changes. Altogether, these results
suggest that the prevention of the decrease in the hippocampal
dendritic spine density does not necessarily depend on
serotonin reuptake inhibition or ROCK inhibition, given the
known mechanisms for both drugs.

Both Sertraline and Fasudil Prevented the Chronic
Restraint Stress-Induced Increase in miR-138 Levels. It
has been reported that stress can alter the levels of numerous
miRNAs in stress-sensitive brain regions such as the hippo-
campus and amygdala.47 Several miRNAs have been linked to
changes in dendritic density and morphology.48 Recent studies
also revealed interactions between miRNAs and ERK cascades,
including CREB,49 suggesting their potential role as significant
contributors to the antidepressant effect. For instance, miR-
134, found in dendritic spines, has been shown to decrease in
response to immobilization stress.47 Moreover, the CREB
transcript is a validated target for miR-13450 and a potential
target for miR-485. Additionally, miR-16 has been associated

Figure 4. Effect of stress and sertraline or fasudil treatment on miR-16, miR-134, miR-138, and miR-485 levels in the rat hippocampus. The bar
graphs (mean ± S.E.M.) illustrate the effect of restraint stress and the treatments (sertraline or fasudil) in control (white bars) and stressed animals
(gray bars), on (A) miR-134, (B) miR-485, (C) miR-16, and (D) miR-138 levels expressed as relative quantity compared to the CONTROL and
normalized to SNORD95. Data were analyzed by two-way ANOVA followed by Fisher’s LSD test (***p < 0.001). N = 5 for all conditions. Table
S2 shows detailed statistical tests used.
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with the mechanism of the antidepressant fluoxetine35 and our
findings indicate that chronic restraint stress can elevate miR-
138 levels in the hippocampus.10 In this study, we analyzed by
two-way ANOVA the levels of miR-134, miR-485, miR-16, and
miR-138 in a whole hippocampal homogenate (Figure 4). In
contrast to miR-134 and miR-485, we observed a significant
treatment effect (F2, 24 = 4.179, p < 0.05) on miR-16 levels;
however, post hoc analysis did not identify any significant
differences among the groups. In contrast, miR-138 levels
exhibited a significant effect of stress (F1, 24 = 32.09, p <
0.001), treatment (F2, 24 = 9.178, p < 0.01), and the interaction
of these factors (F2, 24 = 9.267, p < 0.01). Fisher’s LSD post
hoc analysis demonstrated that chronic stress significantly
increased miR-138 levels (p < 0.001), with the stress-induced
change being approximately four times higher than the control
levels. Notably, this increase in miR-138 levels due to stress
was effectively prevented by both sertraline (p < 0.001;
STRESS vs STRESS SERTRALINE) and fasudil (p < 0.001;
STRESS vs STRESS FASUDIL) (Figure 4D).
In this study, we corroborated the stress-induced increase in

miR-138 hippocampal levels, and interestingly, both sertraline
and fasudil prevented the miRNA increase triggered by stress.
Importantly, neither sertraline nor fasudil altered miR-138
levels in nonstressed animals, suggesting that the responsive-
ness of this miRNA to both drugs in the rat hippocampus
requires that the stress component miR-138 regulates dendritic

spine morphogenesis51 by influencing the translation of the
APT1 transcript.52 APT1 is an enzyme that regulates the
palmitoylation of several proteins that control dendritic spine
volume, including the RhoA protein.53 RhoA, a GTPase of the
Rho family, acts through its effector, the ROCK kinase, and has
been reported to induce spine shrinkage48 (Figure S2A).
ImmunoWestern blot analysis of APT1 on the whole
hippocampal homogenate did not show significant changes
among groups (Figure S2B,C, and Table S2), suggesting that
morphological effects shared by sertraline and fasudil are not
related to changes in APT1 levels. Moreover, it is important to
consider that miR-138 may act by controlling gene expression
through several mRNA targets, including validated and
putative ones. Additionally, in the nucleus, miRNAs are pivotal
regulators of gene expression, engaging in intricate interactions
with various molecular entities. These small noncoding RNAs
can associate with transcription factors, mRNAs, ncRNAs, and
proteins, orchestrating a complex regulatory network that
influences gene activity.54 Thus, the multifaceted action of
miRNAs permits control gene expression at multiple levels,
impacting physiological signaling pathways in a complex way
and protein−protein networks, which may influence cellular
functioning.
In the context of our current and previously reported

research, it is imperative to underscore the similar neuro-
protective effects elicited by both sertraline and fasudil in the

Figure 5. Construction of PPI networks. The figure illustrates the sequential process to build the PPI networks studied in this work, beginning with
the identification of relevant targets and proteins related to sertraline, fasudil, depression (D), dendritic spine morphology (DSM), and hsa-miR-
138 using various sources/databases (stage 1). These identified targets were then used to construct individual networks up to the second shell
(second PPI expansion), followed by merging and filtering steps to obtain the final networks (PPI-7, PPI-8, and PPI-9) (stage 2). Further details on
each step can be found in the Methods section. The red circles correspond to the ID numbering also shown in Table 2, and the number of nodes in
each network is indicated within the network.
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hippocampus. These drugs have been demonstrated to
ameliorate chronic stress-induced behavioral alterations and
to preserve dendritic spine density within the CA1 hippo-
campal neurons as well as to regulate miR-138 levels. Notably,
sertraline uniquely prevents stress-induced alterations in
proteins pivotal to neuroprotection, a property not observed
with fasudil, suggesting a differential mechanism of action,
despite their similar therapeutic outcomes. Therefore, we
propose a comprehensive investigation into these shared
mechanisms to unravel the full spectrum of neuroprotective
strategies employed by these agents in the context of stress-
induced neuronal alterations. For this purpose, we conducted a
complete network pharmacology analysis of drug−protein and
protein−protein interactions (PPI) to elucidate the shared
molecular pathways of these drugs. This approach extends
beyond the mere identification of direct protein targets,
encompassing the delineation of common signaling cascades
that may underlie the observed pharmacological effects.55

Sertraline and Fasudil Connect with Depression-,
Dendritic Spine Morphology-, and miR-138-Related
Proteins Evidenced by Network Pharmacology. The
construction of protein−protein and drug−protein interaction
networks (Figure 5) is a pivotal step in delineating the
mechanistic pathways and potential targets of pharmacological
agents. These networks not only shed light on the
antidepressant effects of fasudil and conventional antidepres-
sants such as sertraline but also provide insights into the
molecular underpinnings of stress and depression. Integrating
multiple therapeutic targets within these networks paves the
way for the development of novel polypharmacological
treatments, transcending the conventional one-target-one-
drug paradigm.55 Our study leverages these networks to
discern the shared molecular interactions between sertraline
and fasudil, aligning with proteins implicated in depression,
dendritic spine morphology (DSM), and miR-138 (hsa-miR-
138-5p) targets, thereby elucidating the common pathways
that contribute to their observed therapeutic effects in the
present study and those reported in the literature.
Table 2 provides a detailed summary of the designed PPI

networks including the number of nodes (proteins) and edges
(PPIs). In the merged network, common nodes are counted
only once, resulting in a lower total number of nodes
compared to the sum of the individual networks. This
approach ensures comprehensive integration, combining all
unique nodes and edges, and highlights shared proteins that
interact with both drugs. Analyzing the final three networks
(PPI-7, PPI-8, and PPI-9) revealed that sertraline and fasudil
interact with distinct subsets of proteins associated with
depression, DSM, and miR-138 targets. These interactions
include both direct connections and indirect associations

mediated by neighboring nodes in critical areas related to both
the observed and potential shared effects of these drugs.
Figure 6 illustrates the complex interplay between the drug

targets and relevant proteins, emphasizing both direct and
indirect interactions. Interestingly, both drugs have common
targets, such as cytochrome P450 3A4 (CYP3A4) and
potassium voltage-gated channel subfamily H member 2
(KCNH2). The latter protein, also known as human ether-a-̀
go-go (hERG1), is a potassium channel predominantly
expressed in the heart. In the brain, currents through hERG
channel subunits play an important role in neuronal excitability
and firing.56 hERG has been linked to psychiatric disorders
such as schizophrenia57 and studies have found that its genetic
variants or abnormal expression in the brain can alter neuronal
activity and contribute to psychiatric symptoms.58 Sertraline
has an affinity for several cardiac ion channels, including
hERG, blocking it as a result of this interaction. This
relationship is commonly associated with adverse effects such
as cardiac arrhythmias,59 not only in this antidepressant but
also with other SSRIs, as well as tricyclic and tetracyclic
antidepressants that target this potassium channel.60 For
fasudil, there is a study indicating its affinity for hERG.61

However, its relationship with stress and depression, beyond
cardiovascular effects, has not been well-explored in the
literature. Therefore, it seems plausible and necessary to
investigate its functionality in the central nervous system and
the role it might play in antidepressant effects.
Additionally, it was discovered that there are proteins that

are targets of the drugs and are also present among the target
proteins of the PPI network under study. In the drugs-D-PPI
network, the sodium-dependent dopamine transporter
(SLC6A3) and the sodium-dependent serotonin transporter
(SLC6A4) have been identified as key targets of sertraline and
depression (Figure 6A). Meanwhile, cyclin-dependent-like
kinase 5 (CDK5) is a target of fasudil and is also a protein
associated with morphological changes in dendrites (Figure
6B). Furthermore, Rho-associated protein kinase 2 (ROCK2)
is a target of both fasudil and hsa-miR-138-5p (Figure 6C),
which is particularly interesting given the proven interaction
between hsa-miR-138-5p and ROCK2.62 However, this
interaction alone does not fully explain the observed effects
at the experimental level in this study, as stressed animals
exhibited an increase in miR-138, which coincided with a
decrease in dendritic spine density. This suggests that the
relationship with ROCK2 may be part of a more complex
regulation or depend on the stress state of the animal.

Both Sertraline and Fasudil Share Pathways Related
to Depression-, Dendritic Spine Morphology-, and miR-
138-Related Proteins. Network-based analyses were con-
ducted to elucidate the intersecting molecular pathways of

Table 2. PPI Networks Constructed in This Study

ID network name description # nodes # edges resulting of merge

1 sertraline-PPI network centered in sertraline 4512 67,773 n/a
2 fasudil-PPI network centered in fasudil 4951 67,048 n/a
3 drugs-PPI merged network centered in both sertraline and fasudil 3124 26,298 1 + 2
4 D-PPI depression-related proteins interaction network 4447 60,087 n/a
5 DSM-PPI DSM proteins network 5232 68,474 n/a
6 miRNA-PPI network centered on miRNA hsa-miR-138-5p targets 6018 75,088 n/a
7 drugs-D-PPI merged network centered in both drugs and depression-related targets 2378 17,049 3 + 4
8 drugs-DSM-PPI merged network centered in both drugs and DSM targets 2647 22,027 3 + 5
9 drugs-miRNA-PPI merged network centered in both drugs and hsa-miR-138-5p targets 2845 22,830 3 + 6
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Figure 6. PPI networks. (A) Drugs-D-PPI depression-related targets are shown in blue. (B) Drugs-DSM-PPI. Proteins affecting dendritic
morphology are shown in brown. (C) Drugs-miRNA-PPI. Hsa-miR-138-5p targets are shown in cyan. To enhance the visualization of how the first
(targets) and second neighbors (green nodes) mediate PPIs between fasudil/sertraline targets and those related to depression/morphology/miR-
138, connections among the neighbors are not displayed. Nodes with two features are colored with two colors, according to the above description.
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sertraline and fasudil, with a focus on proteins implicated in
depression, dendritic spine morphology, and miR-138 targets
within the cerebral and hippocampal context (Figure 7). Our
findings demonstrate that both pharmacological agents, via
their respective targets, converge on multiple pathways that
lead to proteins pivotal in the etiology of depression (refer to
Figure S3).
In the networks related to depression (drugs-D-PPI) and

miR-138 (drugs-miRNA-PPI), we observed a notable reduc-
tion in the number of shared pathways as the intermediary
path length increased from three to four, with an
approximately 3-fold reduction for the depression network
(Figure 8A). This suggests a high degree of centralization and
specificity within the key interactions of the depression
network, highlighting potential critical nodes amenable to
therapeutic targeting. A similar pattern emerged when the
intermediary protein count within the depression network was
examined (Figure 8B), indicating that the principal pathways
are more direct and less intricate. Conversely, while the
intermediary count escalated for the morphology and miR-138
networks, the overall protein count decreased (Figure 8C).
This pattern suggests that these networks rely on a smaller set
of crucial proteins that govern multiple pathways. Such a
configuration may indicate a streamlined network architecture;
however, it could also reflect reduced redundancy, potentially
making the network more susceptible to disruptions.
Our comparative pathway analysis examined the common

trajectories arising from the molecular targets of fasudil and
sertraline, as shown in Figure S4. The findings indicate that
fasudil engages in a broader array of pathways due to its larger
set of identified targets. In contrast, sertraline, despite having
fewer targets, exerts a significant influence on shared pathways,
highlighting its importance in these molecular interactions. We
identified key proteins mediating inputs and outputs (Figure
8D), with proteins from the MAPK pathway and Heat Shock
Protein 90-alpha (HSP90AA1) emerging as crucial interme-
diaries across all three networks.
HSP90AA1, or Hsp90, is a highly conserved stress protein

whose expression is induced by various stressors, including
heat shock and inflammation. Recent evidence suggests a
strong association between Hsp90 and depression, as it
regulates the hypothalamic-pituitary-adrenal axis and neuro-
inflammation�two key mechanisms in depressive disorder.63

Of note, Hsp90 participates in glucocorticoid receptor

maturation and is linked to neuroinflammation observed in
depressed patients.63,64 Banach et al. (2017) found that neither
sertraline nor venlafaxine significantly affected Hsp90
expression levels after 8 weeks of treatment in female
depressed patients.65 Nonetheless, the potential role of
Hsp90 in depression remains promising, with the ongoing
exploration of Hsp90 inhibitors for their therapeutic potential.
Further investigation into the role of Hsp90 could yield
valuable insights into developing novel antidepressant
therapies targeting this chaperone. Moreover, the E3
ubiquitin-protein ligase (AMFR) and glutathione S-transferase
P (GSTP-1) have been identified as significant within both the
morphology and miR-138 networks (Figure 8D). While direct
associations with depression are not established, their
prominence in these shared pathways merits attention, as
they may unveil novel correlates of the disorder. Glycogen
synthase kinase-3 beta (GSK3β) is highlighted as a crucial
intermediary (Figure 8D) and a significant end point within
the depression network, with multiple paths converging upon it
(Figure 8E). GSK3β also serves as a notable intermediary in
several pathways leading to glycogen synthase kinase-3 alpha
(GSK3α). This is of particular interest given the association of
elevated GSK3β activity with chronic stress and depressive-like
behaviors.66 Our prior research demonstrated that fasudil
effectively inhibits stress-induced phosphorylation of GSK3β at
Ser9,22 similar to the effects observed with long-term sertraline
treatment in individuals with depression.67 These findings
underscore the therapeutic potential of GSK3β as a target for
novel depression treatments.
Path analysis revealed several proteins that could be relevant

for the shared effects of the drugs studied and warrant further
investigation. For instance, the inactivation of 5-hydroxytrypt-
amine receptor 2A (HTR2A) has been shown to potentiate the
effect of SSRI escitalopram in mice,68 and this protein emerges
as the output with the highest number of paths involved in
three intermediary routes and ranks third in four-intermediary
routes (Figure 8E). In the morphology and miR-138 networks,
cyclic AMP-responsive element-binding protein 1 (CREB1),
which was evaluated experimentally in this study (Figure 2D),
and focal adhesion kinase 1 (PTK2) emerge as the only direct
outputs (Figure 8E), while calcium-responsive transactivator
(SS18L1) and eukaryotic translation initiation factor 4E-
binding protein 1 (EIF4EBP1) have emerged as central nodes,

Figure 7. Common paths analysis. The figure illustrates the identification of common paths within each PPI network. The paths are categorized by
their connection type: direct path and paths with 1 to 4 intermediates, each represented by different colored lines. “F” represents the targets of
fasudil, “S” indicates the targets of sertraline, and “X” represents the targets associated with depression, morphology, or miR-138. The white circles
represent intermediary nodes within the PPI networks, indicating how these intermediaries connect the primary targets. The analysis highlights
potential shared pathways among the different targets.
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Figure 8. Path analysis of intermediates and outputs. (A) Bar chart displaying the shared paths between fasudil and sertraline, categorized by the
number of intermediaries, for each respective network. (B) Bar chart displaying the proportion of proteins functioning as intermediates, categorized
by the number of intermediaries involved, to each network. (C) Bar chart showing the proportion of outputs reached by the number of
intermediaries for each network. Each bar in the charts has been normalized against the peak value across different networks for the corresponding
number of intermediary proteins. The exact quantity of common paths, intermediates, and outputs is labeled directly on each bar. (D) Bubble chart
showcasing intermediaries with the most significant involvement in the paths. (E) Bubble chart highlighting the most frequently achieved outputs.
The sizes of the bubbles indicate their percentage representation relative to the total number of paths, tailored for each specific intermediary count
and network. Annotations within each bubble specify the precise frequency of each protein’s involvement, indicating the number of paths in which
the protein participates. In the bottom left corner, the color legends corresponding to the networks are displayed alongside the bubble sizes in
relation to the percentage of paths.
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receiving the most substantial number of common paths
(Figure 8E).

Sertraline and Fasudil Reveal Common Routes across
Distinct Depression-, Dendritic Spine Morphology-, and

miR-138-Related PPI Networks. After conducting path
analyses for each network, we examined proteins of interest
across PPI networks to assess their relevance in multiple
contexts, suggesting potential key pathways in their shared

Figure 9. Path analysis subnetworks involving outputs from other networks. This analysis depicts the common paths between fasudil and sertraline
toward proteins associated with depression, morphology, and miR-138, while also exploring their intersections and involvements with other
networks. Diamond, hexagonal, and rectangular nodes denote proteins related to morphological changes, depression, and miR-138-5p targets,
respectively. These nodes uniquely intersect with other networks, extending beyond their primary categories of analysis. The nodes display two
distinct features and colors. Each panel is subdivided into inputs, intermediaries (where applicable), and outputs. (A) Direct common paths from
fasudil and sertraline targets to depression targets. (B) Common paths mediated by an intermediary from fasudil and sertraline targets to depression
targets. (C) Common paths involving two intermediaries from fasudil and sertraline targets to depression targets. Common paths involving miR-
138 targets were filtered to include only those in which at least two of the miR-138 targets participate, for better visualization. (D) Common paths
mediated by an intermediary from fasudil and sertraline targets to proteins related to dendritic morphology changes. (E) Common paths involving
two intermediaries from fasudil and sertraline targets to proteins associated with dendritic morphological changes. Common paths involving miR-
138 targets were filtered to include only those in which at least two of the miR-138 targets participate, for better visualization. (F) Common paths
mediated by an intermediary from fasudil and sertraline targets to miR-138-5p targets. (G) Common paths involving two intermediaries from
fasudil and sertraline targets to miR-138-5p targets. Common paths involving morphology-related proteins were filtered to include only those in
which at least two of morphology-related proteins participate, for better visualization.
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effects. Notably, within the depression network, we inves-
tigated the roles of proteins associated with morphology and
targets of hsa-miR-138-5p. We found that CDK5, as previously
mentioned, directly interacts with GSK3β, similar to the
interaction with cellular tumor antigen p53 (TP53) (Figure
9A).
The involvement of the tumor suppressor protein p53 in

multiple signaling networks pertinent to depression and its
response to antidepressants are particularly noteworthy. Recent
research, including findings on a traditional Chinese herbal
extract known for treating neurological disorders, has
demonstrated its ability to regulate the P53/SLC7A11
signaling pathway, thereby inhibiting ferroptosis. In studies
on poststroke depression (PSD), this herbal extract reduced
stress-related elevations in p53 levels within the prefrontal
cortex, which subsequently promoted neuroprotection by
stabilizing key antioxidant systems such as GPX4.69 These
findings indicate that p53 may contribute not only to
neurodegenerative processes but also to a critical role in
neuroplasticity and stress-response mechanisms, which are
closely linked to the pathophysiology of depression. This
observation expands our understanding of p53’s potential
beyond its traditional roles in cell cycle regulation and
apoptosis. p53 is involved in multiple molecular pathways
that affect brain function and behavior, including those related
to synaptic plasticity and neuronal survival, both of which are
crucial for effective antidepressant responses. By modulation of
ferroptosis, p53 demonstrates its broader involvement in
maintaining neuronal health, underscoring its importance in
preventing neuronal death and supporting synaptic function.
Targeting p53 in therapeutic strategies may offer novel
approaches to mitigate stress-induced neuronal damage, as
observed in conditions like PSD and major depression.70

Through the same interaction with GSK3β, CDK5 acts as an
input leading to GSK3α (Figure 9B) and three members of the
voltage-gated ion channel (VIC) superfamily: SCN1A,
SCN5A, and SCN7A (Figure 9C). This cross-referencing
approach was similarly applied to other networks to ensure a
comprehensive examination of potential interactions and
overlaps. The results detailed in Figure 9 clearly indicate that
there is cross-participation of various proteins among the
different networks common to sertraline and fasudil, which is
more logical or expected for those related to depression and
dendritic spine morphology, as their relationship is well-
documented.14 Yet, this analysis provides a level of detail
previously unachieved. More intriguing is the cross-linking of
miR-138 target proteins with the depression and morphology
PPI networks, which are also on the shared pathways of both
drugs. This not only provides more consistent information
about the role of miR-138 in processes that govern dendritic
morphology and depression but also offers valuable insights
about novel molecular actors and pathways that could be
related to the antidepressant effect, which is a result far more
valuable than merely repositioning fasudil as a new
antidepressant drug.
Given the extensive data collected, we developed a ranking

system based on pathing scores (PS) to identify the most
influential proteins within the shared pathways. This scoring
method assigned higher scores to proteins directly connected
within the networks and progressively lower scores to those
further along in the connection chain across at least two
different networks, as detailed in Table 3. This systematic
approach helped to highlight common routes across the

distinct networks involved in depression-, dendritic spine
morphology-, and miR-138-related protein interactions. The
insights gained from this analysis could provide valuable
directions for future research into these complex biological
systems.

■ CONCLUSIONS
This study provides a deeper understanding of the
antidepressant action achieved through pharmacological treat-
ments, utilizing fasudil as a comparative tool against the well-
known antidepressant, sertraline. Here, we have presented
compelling evidence that sertraline and fasudil share effects in
the stressed rat hippocampus at both the morphological
(dendritic spine density) and molecular levels (proteins and
miR-138). Our aim was to extend beyond mere morphological
or molecular findings and further explore the potentially shared
mechanisms and pathways of both drugs, employing a network
pharmacology approach. The outcomes of these analyses
revealed concordant pathways in PPIs targeting areas related to
depression and morphology, including potential targets of
miR-138, offering valuable insights into the underlying
mechanisms of depression and the antidepressant effect from
a new network-based paradigm rather than focusing solely on a
single protein target.

■ METHODS
Animals. All animal procedures were conducted in strict

accordance with internationally recognized ethical guidelines
and were approved by the Ethics Committee of the Faculty of
Chemical and Pharmaceutical Sciences, University of Chile
(code CBE 2014-2). Animal care and handling followed the
NIH Guide for the Care and Use of Laboratory Animals (NIH
Publication, eighth Edition, 2011), and the study was
conducted in alignment with ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines and the
principles of the 3Rs (replacement, reduction, and refinement).
Male adult Sprague-Dawley rats (250−280 g) were obtained

from the institutional animal facility and housed in a
temperature-controlled (22−23 °C) and humidity-regulated
(55−65%) environment, with a 12:12 h light−dark cycle. Food
(standard rat chow) and water were freely provided, except
during stress procedures. To minimize handling-related stress,

Table 3. Proteins with High PS in at Least 2 Out of 3
Analysesa

string name depression PS morphology PS miR-138 PS

TP53 0.351 1 1
GSK3B 0.740 0.129 0.117
HSP90AA1 0.044 0.116 0.140
KCNH2 0.037 0.058 0.066
KRAS 0.164 low score 0.587
MAPK1 0.180 low score 0.378
MAPK3 0.177 low score 0.352
CYP3A4 0.191 low score 0.028
ESR1 0.034 low score 0.069
HDAC1 0.042 low score 0.054
MAPK8 low score 0.195 0.089
MAPK9 low score 0.131 0.083
EP300 low score 0.089 0.098

aLow score: did not exceed the cutoff score to be considered
significant. The cutoff score is equivalent to the score of a direct
interaction between input and output (see Methods).
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animals underwent a 10 day habituation period, during which
they were briefly handled daily for weighing. This procedure
involved holding the animals by their bodies, placing them in a
containment box on a scale, and allowing them to return to
their home cage voluntarily. The housing environment was
maintained as noise-free to reduce external stressors. The
animals were monitored daily by a veterinarian, following the
Morton and Griffiths (1985) protocol,71 which evaluates
clinical signs of pain and distress, including body weight, coat
condition, behavioral responses, and vital parameters. This
system allowed for early detection of distress and guided
human intervention when necessary. No animals exhibited
severe distress or required euthanasia.

Restraint Stress and Pharmacological Treatment. The
restraint stress procedure lasted 2.5 h per day for 14
consecutive days, specifically during the morning hours (9:00
AM to 12:00 PM) to control for potential circadian influences,
such as fluctuations in corticosterone levels. During these
sessions, animals were temporarily deprived of food and water
and were returned to their home cages immediately after the
procedure. This type of stress protocol is a less restrictive
alternative to full immobilization methods, reducing unneces-
sary distress while maintaining the experimental reproduci-
bility.
The conditions of the restraint stress protocol and fasudil

and sertraline doses used were similar to previous studies to
replicate and further explore underlying mechanisms regarding
antidepressant-like effects.9,22,23 Thirty adult male Sprague-
Dawley rats randomly received one of the following treat-
ments: unstressed animals injected intraperitoneally every day
for 14 days with (i) saline (0.9% NaCl; CONTROL group, n =
5), or (ii) 10 mg/kg sertraline (Saval Laboratories, Chile;
SERTRALINE group, n = 5), or (iii) 10 mg/kg fasudil (LC
Laboratories, Woburn, MA, USA; FASUDIL group, n = 5), or
restraint-stressed groups injected intraperitoneally every day
for 14 days with (iv) saline (0.9% NaCl; STRESS group, n =
5), or (v) 10 mg/kg sertraline (STRESS SERTRALINE group,
n = 5), or (vi) 10 mg/kg fasudil (STRESS FASUDIL group, n
= 5) 15 min prior to the restraint stress protocol in a Plexiglas
tube as we described previously.8 The 10 mg/kg dose of fasudil
was selected based on previous studies demonstrating its
neuroprotective and behavioral antidepressant-like effects in
rodents.23,72−74 Similarly, the 10 mg/kg dose of sertraline is
widely used in preclinical models due to its good tolerability
and efficacy in modulating depressive-like behaviors, as
reported in previous studies, including our own laboratory’s
research.9 Twenty-four h after the last treatment, euthanasia
was performed by decapitation without anesthesia to obtain
either brain tissue to conduct morphological analyses or the
hippocampus for protein and miRNA level determinations.
This method was selected because it ensures a rapid loss of
consciousness, prevents unnecessary suffering, and avoids
biochemical alterations that could interfere with the study.
The procedure was performed by trained personnel, ensuring
compliance with ethical standards and minimizing potential
suffering.

Golgi Staining and Evaluation of Dendritic Spine
Density. After decapitation, the right brain hemisphere was
used for Golgi staining, using the FD Rapid GolgiStain kit (FD
Neuro Technologies, Baltimore, MD, USA), as we de-
scribed.10,23 Protrusions that extend from the dendritic shaft,
irrespective of their morphological characteristics, were
considered as spines. A “mushroom” spine type was identified

when its head diameter exceeded 0.6 μm; the remaining spines
(filopodia, stubby, and other protrusions) were classified as
“non-mushroom.” Spines were counted in segments of 8 μm,
starting at 16 μm from the origin of the branch, along 80 μm of
the secondary dendrite. The number of spines at a given
segment was then averaged using all of the neurons from the
same animal (at least 6 neurons/animal), and these data were
pooled with the mean of the other animals belonging to the
same experimental group. The total number of spines
corresponded to the sum of spines along a dendritic length
of 64 μm.

Sample Processing and Homogenization for RNA
and Protein Analysis. Frozen left hippocampus was
homogenized in a glass-to-glass homogenizer in the presence
of lysis buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 0.5 mM
EGTA, 0.5 mM EDTA, 0.5 mM DTT, 0.125 mM Na3VO4, 0.2
mM PMSF, 2 μg/mL leupeptin, 2 μg/mL aprotinin, 2 mM
NaF, 0.25 mM Na2P2O7, and 1% Triton X-100) prepared with
nuclease-free water and RNase inhibitors (RNAsin 40 U/μL,
INVITROGEN, California, USA). The resulting homogenate
was divided into separate aliquots for RNA extraction and
protein levels determination.

Immunoblot Analysis. The whole hippocampus homoge-
nate was sonicated on ice for 10 min and then centrifuged at
17,860g for 30 min. The supernatant was collected, and a
sample was saved for protein determination using the
bicinchoninic method (Pierce BCA Protein Assay Kit, Thermo
Fisher Scientific). The remaining supernatant was boiled
immediately in a sample loading buffer. A total of 25 to 50 μg
of each protein extract was resolved on 12% SDS-
polyacrylamide gels and then blotted onto 0.2 μm nitro-
cellulose or PVDF membranes. Membranes were finally
processed for Western blot according to the conditions
described in Table S1. After two 5 min rinses in Tris-buffered
saline Tween 20, blots were incubated with peroxidase-
conjugated secondary antibody at room temperature for 2 h.
Membranes were developed by incubation with an enhanced
chemiluminescent substrate (EZ-ECL, Biological Industries,
Israel) and imaged with Syngene (Cambridge, UK). To detect
protein bands with the same molecular weight (pCREB/
CREB/β-actin), we performed the stripping protocol using
Ponceau red for 30 min, followed by extensive washes with
PBS to ensure complete removal of previous antibodies before
membrane reprobing. Bands were quantified with ImageJ
(https://imagej.nih.gov/ij) and normalized to β-actin immu-
noreactivity as a loading control. In the case of pCREB, the
results were expressed as a ratio of phosphorylated/total
protein. Original immunoblots for each protein (Figure S1) are
available in the Supporting Information.

miRNA Levels by Quantitative Real-Time PCR. miRNA
isolation and quantitative real-time PCR was performed as
described previously.10,27 Briefly, isolation of RNA < 200
nucleotides (nt) was performed with a RNeasy Mini Kit
(Qiagen, Hilden, Germany), according to the manufacturer’s
protocol. RNA < 200 nt (100 ng) was then polyadenylated and
simultaneously reverse transcribed with the miScript II RT kit
(Qiagen, Hilden, Germany) including an oligo-dT tag primer
and reverse transcriptase according to the manufacturer’s
instructions. qPCR experiments were conducted on an
Mx3000p thermocycler (Stratagene/Agilent, La Jolla, CA)
programmed as follows: 95 °C for 15 min, followed by 40
cycles of 94 °C for 15 s, 55 °C for 15 s, and 70 °C for 15 s.
Primers were obtained from QIAGEN, and their sequences for
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miR-16 (efficiency 85.8%), miR-134 (efficiency 90.1%), miR-
138 (efficiency 83.4%), and miR-485 (efficiency 86.8%) were
TAGCAGCACGTAAATATTGGCG, TGTGACTGGTT-
GACCAGAGGGG, AGCUGGUGUUGUGAAUCAGGCCG,
and AGAGGCTGGCCGTGATGAATTC, respectively. The
relative abundance of these miRNAs was relativized to the
levels of small nucleolar RNA SNO95 with standard primers
for amplification (efficiency 97.3%; catalog no. MS00033726;
QIAGEN) and then normalized to control animals. Relative
miRNA levels were calculated based on the 2−ΔΔct normalized
to that of the SNO gene RNA. All RT-PCRs and PCRs
included the use of water in place of the template as a negative
control and the input of RNA without the RT reaction.

Construction of PPI Networks. We constructed PPI
networks for both sertraline and fasudil to establish whether
these drugs share common targets that may explain their
described common effects. The PPI network is depicted with
nodes representing proteins and edges, indicating the
interactions between them. To construct the PPIs, we retrieved
all active targets for sertraline and fasudil from the ChEMBL
database (v.31).75 This retrieval relied on ChEMBL
annotations and their pChEMBL values, which represent
molecular potency as the negative log10 of molar concen-
tration for measurements such as IC50, XC50, EC50, AC50, Ki,
Kd, and potency.

76 Target selection based on pChEMBL was
guided by classification thresholds proposed by the National
Institutes of Health (NIH) initiative Illuminating the
Druggable Genome (IDG).77 Then, with the identified targets,
we independently extracted PPI for each target using the
STRING database.78 To ensure data robustness, interactions
with experimental and/or database STRING scores ≥0.7 were
kept using the Python NetworkX library.79

To expand the PPIs, a second STRING search was
conducted using the primary neighbors of the direct drug
targets, thereby extending the network layer to the secondary
neighbors (second PPI expansion, Figure 5). Finally, to
effectively merge both expanded PPI networks, we combined
all common interactions (edges) between them. Targets from
both PPIs were maintained in the merging process. To
maintain cohesive communities where nodes interact within
the drugs-PPI network, we discarded unconnected compo-
nents that did not significantly contribute to the overall
structure. This approach ensured a more coherent and focused
representation of the key interactions between fasudil and
sertraline PPIs. In this study, we employed a methodological
approach that involved three distinct analyses. Each analysis
focused on merging the third drugs-PPI network with three
different networks: the depression-related interaction network
(D-PPI), the dendritic spine morphology protein network
(DSM-PPI), and the network centered on miRNA hsa-miR-
138-5p targets (miRNA-PPI). As a result of these mergers,
three novel networks were created: drugs-D-PPI, drugs-DSM-
PPI, and drugs-miRNA-PPI. Following each merger, we
applied a specific tissue-based filtering process to each
combined network. To obtain the following networks:

I Depression-Related Interaction Network (D-PPI): a PPI
network was constructed by using the Open Targets
database,80 which involved proteins associated with
Unipolar Depression (EFO_0003761), Major Depres-
sive Disorder (MONDO_0002009), and Depressive
Symptom Measurement (EFO_0007006) with scores of
0.5 or higher (score from the Open Targets database).

Additionally, the serotonin transporter (SLC6A4) and
its interactors alpha-synuclein (SNCA) and syntaxin-1A
(STX1A) were manually added as their interactions are
key for the pharmacological effect2 but did not meet the
established thresholds. After combining this network
with the drugs-PPI network, proteins expressed in the
brain were filtered using information from the Human
Protein Atlas, resulting in the final drugs-D-PPI.

II Dendritic Spine Morphology Protein Network (DSM-
PPI): A PPI network based on proteins linked to
changes in dendritic spine morphology81 was con-
structed. Following its merge with the drugs-PPI
network, we obtained the drugs-DSM-PPI which only
considers proteins expressed in the hippocampus,
according to the Human Protein Atlas.

III Network Centered on miRNA hsa-miR-138-5p
(miRNA-PPI): The third network focused on the
miRNA hsa-miR138-5p was built using targets with
strong evidence from the MiRTarBase database version
9.0.82 Once combined with the drugs-PPI network, a
similar filtering was conducted to retain proteins
expressed in the hippocampus as described above,
resulting in the final drugs-miRNA-PPI.

Common Path Analysis. After constructing the three
interaction networks (drugs-D-PPI, drugs-DSM-PPI, and
drugs-miRNA-PPI), we conducted a comprehensive analysis
for each one. This analysis aimed to identify all potential
shared pathways between the drugs sertraline and fasudil, with
a limit of four intermediaries. Starting from the targets of
sertraline and fasudil as the initial points, the analysis
proceeded toward the specific proteins of interest in each
network as follows: (i) Drugs-D-PPI: end points were the
targets related to depression. (ii) Drugs-DSM-PPI: end points
were proteins linked to morphological changes in dendritic
spines. (iii) Drugs-miRNA-PPI: end points were the targets
related to hsa-miR-138-5p.
First, we used the “all_shortest_paths” algorithm from the

Network X Python library to independently calculate all
shortest paths from the targets of sertraline to their respective
end points and from the targets of fasudil to their end points.
Next, we analyzed the paths based on their lengths. We

considered direct paths (with no intermediaries) as well as
paths that included one, two, three, or four intermediary nodes.
For each path length, we identified common paths (paths that
lead to the same end point). These paths can either be
identical from the start to the end point or may diverge initially
but converge at the first intermediary node, continuing along
the same route to the end point.

Cross-Network Path Analysis. In addition to the initial
analysis of the three final PPI networks, we implemented a
second analysis that consisted of a comprehensive comparison
of all PPIs. This analysis was conducted in two main stages:

I Global comparison: Initially, we identified the most
important proteins by analyzing how often they appear
in various paths within each network. We used a special
scoring method, applying a formula where the score
decreases logarithmically based on the number of
intermediaries in the path. Specifically, the score is
higher for proteins directly connected in the path and
lower for those connected through more intermediaries.
Therefore, the total score for each protein involved in
any path was defined as follows
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where Ni denotes the number of times a protein appears in a
given path and i is the number of connections in these paths
ranging from 1 (indicating a direct connection) to 5
(indicating four intermediaries). For example, the total score
of one protein directly connected to another in a path is
10,000. In contrast, the total score of a protein that is only four
steps away in the path (indicating it is connected through four
other proteins) is 1. This scoring system helps us quantify the
importance of each protein in the network. Next, we focused
on proteins with a total score ≥2500 (cutoff), as this high
score could indicate a significant role in the network’s paths.
To facilitate comparison across networks, these scores were
then normalized using a min−max normalization approach,
scaling the values to a range of 0 to 1. This step allowed us to
pinpoint the most crucial proteins across the networks. We
then compared these key proteins across the three different
networks to find those that are common and significant in at
least two networks.

II Local Comparison: In this analysis, we scrutinized the
involvement of specific proteins within each network,
particularly focusing on their roles in paths with no more
than two intermediaries. For the drugs-D-PPI network,
we investigated proteins linked to morphological
changes and those targeted by miRNA hsa-miR-138-
5p. In the drugs-DSM-PPI network, we evaluated
proteins associated with depression and targets of
miRNA hsa-miR-138-5p. Similarly, in the drugs-
miRNA-PPI, we analyzed proteins connected to
depression and morphological alterations.

These cross-network analyses revealed shared interactions
and key interaction patterns, highlighting potentially vital
proteins in mechanisms related to depression, dendritic
morphology, and miRNA hsa-miR-138-5p action.

Statistical Analysis. The statistical analyses were per-
formed using statistical software GraphPad Prism 10.0.0
(GraphPad Software Inc., San Diego, CA, USA). The data
are expressed as the mean ± SEM (standard error of the mean)
and were analyzed using two-way ANOVA, followed by
Fisher’s LSD test. Normality was assessed using the Shapiro−
Wilk test before parametric statistical tests. All data sets
successfully passed the normality test, confirming that the
assumptions for parametric analysis were met. These analyses
allowed for the determination of the effects of treatment
(fasudil or sertraline) and stress and their interaction
(treatment × stress), as well as differences between groups.
Table S2 shows detailed tests statistics.
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Departamento de Quiḿica, Facultad de Ciencias,
Universidad de La Serena, La Serena, Chile; orcid.org/
0000-0001-8135-6313

Ignacio Valenzuela Martínez − Departamento de
Farmacología, Facultad de Ciencias Biológicas, Universidad
de Concepción, Concepción 4030000, Chile; Doctorado en
Biotecnología Molecular, Facultad de Ciencias Biológicas,
Universidad de Concepción, Concepción 4030000, Chile;
orcid.org/0000-0001-8538-8320

Felipe Aguayo − Laboratory of Neuroplasticity and
Neurogenetics, Department of Biochemistry and Molecular
Biology, Faculty of Chemical and Pharmaceutical Sciences,
Universidad de Chile, Santiago 8380492, Chile; Present
Address: Signal Transduction Laboratory, National
Institute of Environmental Health Sciences, National
Institutes of Health, North Carolina, United States of
America.; orcid.org/0000-0002-9106-598X
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S.; Aliaga, E.; Fiedler, J. L. Antidepressant-Relevant Behavioral and
Synaptic Molecular Effects of Long-Term Fasudil Treatment in
Chronically Stressed Male Rats. Neurobiol. Stress 2020, 13, 100234.
(23) García-Rojo, G.; Fresno, C.; Vilches, N.; Díaz-Véliz, G.; Mora,
S.; Aguayo, F.; Pacheco, A.; Parra-Fiedler, N.; Parra, C. S.; Rojas, P.
S.; Tejos, M.; Aliaga, E.; Fiedler, J. L. The ROCK Inhibitor Fasudil
Prevents Chronic Restraint Stress-Induced Depressive-like Behaviors
and Dendritic Spine Loss in Rat Hippocampus. Int. J. Neuro-
psychopharmacol. 2017, 20 (4), 336.
(24) Shapiro, L. P.; Kietzman, H. W.; Guo, J.; Rainnie, D. G.;
Gourley, S. L. Rho-Kinase Inhibition Has Antidepressant-like Efficacy
and Expedites Dendritic Spine Pruning in Adolescent Mice. Neurobiol.
Dis. 2019, 124, 520−530.
(25) Nakatake, Y.; Furuie, H.; Yamada, M.; Kuniishi, H.; Ukezono,
M.; Yoshizawa, K.; Yamada, M. The Effects of Emotional Stress Are
Not Identical to Those of Physical Stress in Mouse Model of Social
Defeat Stress. Neurosci. Res. 2020, 158, 56−63.
(26) Lai, K. O.; Ip, N. Y. Structural Plasticity of Dendritic Spines:
The Underlying Mechanisms and Its Dysregulation in Brain
Disorders. Biochim. Biophys. Acta, Mol. Basis Dis. 2013, 1832,
2257−2263.
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