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Abstract

Emerging evidence has shown that ursolic acid exerts antidepressant-like effects, however, its ability to elicit an antidepressant-
like response in rodents subjected to stress model that mimics behavioral and neurochemical alterations found in depression
remains to be determined. Thus, this study investigated the possible antidepressant-like effect of ursolic acid in mice subjected to
chronic unpredictable stress (CUS) for 14 days, and whether this effect could be associated with the modulation of serum
corticosterone levels and hippocampal Bel-2/Bax mRNA expression. Our results indicated that CUS induced a depressive-like
behavior, as demonstrated by an increase in the immobility time and latency to first grooming in the tail suspension test and
splash test, respectively. Conversely, the repeated administration of ursolic acid (0.1 mg/kg, p.o.) or fluoxetine (10 mg/kg, p.o.) in
the last 7 days of CUS completely prevented CUS-induced behavioral alterations, suggesting an antidepressant-like effect.
Additionally, CUS significantly increased the mRNA expression of Bax (pro-apoptosis marker), but not Bcl-2 (anti-apoptosis
marker) in the hippocampus. Moreover, reduced hippocampal mRNA expression of Bel-2/Bax ratio was detected in CUS-
exposed mice. Ursolic acid, but not fluoxetine, prevented CUS-induced increase in the expression of Bax, but both ursolic acid
and fluoxetine prevented CUS-induced reduction on Bcl-2/Bax ratio. Furthermore, neither CUS nor treatments with ursolic acid
or fluoxetine altered serum corticosterone levels. Our study unveils the ability of ursolic acid to prevent the depressive-like
behavior induced by stress and the modulation of Bcl-2/Bax expression could be associated with this response.
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Introduction

Major depressive disorder (MDD) is a highly prevent psychi-
atric disorder that affects nearly 350 million people worldwide
(World Health Organization 2017). Currently, this medical
condition is the main cause of disability resulting in elevated
costs to the economy and a great burden for society (Otte et al.
2016; World Health Organization 2017). Although MDD has
multifactorial pathophysiology, stressful life events are major
predisposing risk factors for developing this disorder, and in-
deed roughly 80% of MDD episodes are preceded by a stress
event (Goodyer et al. 2000; Pariante and Lightman 2008).
These findings are supported by preclinical studies using
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animal stress paradigms such as chronic unpredictable stress,
a stress-based model able to induce depressive-like behavior
in rodents which is counteracted by antidepressant medica-
tions (Manosso et al. 2016; Liu et al. 2017; Gawali et al.
2017; Zhang et al. 2019). Notably, chronic stress may lead
to the hypothalamic-pituitary-adrenal (HPA) axis dysfunction
resulting in high systemic levels of glucocorticoids, namely
cortisol in humans and corticosterone in rodents (Watson and
Mackin 2006; Cox et al. 2011).

In the central nervous system, glucocorticoids may damage
the hippocampus, a brain region that expresses a high density
of glucocorticoid receptors and is critical for the regulation of
the HPA axis feedback mechanism (Lee et al. 2002;
Mizoguchi et al. 2003; Anacker et al. 2011). Particularly,
compelling reports have demonstrated that glucocorticoids in-
duce neural cell death in the hippocampus by reducing the
trophic support, mainly the brain-derived neurotrophic factor
(BDNF) levels, besides stimulating the inflammatory and pro-
apoptosis pathways (Kosten et al. 2008; Zhang etal. 2015; Liu
et al. 2016). Accordingly, repeated stress may impair the
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balance between anti-apoptosis/pro-apoptosis proteins in the
hippocampus, as shown by the reduced expression of anti-
apoptosis protein B-cell lymphoma 2 (Bcl-2) and increased
expression of pro-apoptosis protein Bcl-2-associated death
promoter (Bax) (Kosten et al. 2008; Liu et al. 2016). In turn,
these events may result in depressive-like behavior since the
hippocampus is also responsible for mood modulation (Lee
et al. 2002; Watson and Mackin 2006).

Given this background, compounds with the ability to pro-
tect against the deleterious effects of glucocorticoids may ex-
hibit antidepressant-like effects. Importantly, this strategy
may be useful since the currently available antidepressants
require a long time-lag for eliciting therapeutic effect, have
low rates of efficacy, and may produce several side effects
including nausea, insomnia, dizziness, weight gain, sexual
dysfunction, and sleep disturbances (Crisafulli et al. 2011;
Kaster et al. 2016). Within this context, ursolic acid, a natural
pentacyclic triterpenoid widely found in plants, is a promising
candidate to exert antidepressant effects (Ramos-Hryb et al.
2017a). It has been shown that this triterpenoid has low tox-
icity in rodents and humans (Zhu et al. 2013; Wang et al.
2013), may cross the blood-brain barrier in rodents (Chen
et al. 2011), and exhibits neuroprotective, antioxidant, anti-
inflammatory, and anti-apoptotic properties (Shih et al.
2004; Tsai and Yin 2008; Hong et al. 2012; Yoon et al.
2014; Rai et al. 2019). Remarkably, the antidepressant-like
effect of ursolic acid in the tail suspension test and forced
swim test was reported in previous studies, an effect depen-
dent on the monoaminergic systems (Machado et al. 2012;
Colla et al. 2014), and the modulation of protein kinase A
(PKA), protein kinase C (PKC), Ca2+/calm0dulin-dependent
protein kinase II (CAMK-II), and mitogen-activated protein
kinase (MAPK) pathway (Ramos-Hryb et al. 2017b).
Furthermore, in silico and in vitro studies have revealed that
monoamine oxidase-A inhibition and GABA-A receptors
modulation may be targets underpinning the antidepressant
effect of ursolic acid (Khan et al. 2016; Singla et al. 2017).

More importantly, the protective effect of ursolic acid
against corticosterone-induced cytotoxicity in the HT22
mouse hippocampal neuronal cell line was reported to be de-
pendent on the modulation of glucocorticoid receptors and
PKA, PKC, and CaMKII (Ramos-Hryb et al. 2019).
Furthermore, the ability of ursolic acid to counteract the
forskolin-stimulated cortisol release in the H295R human ad-
renal tumor cell line was shown in a prior report (Richard et al.
2016). These studies raise the speculations about ursolic
acid’s ability to modulate glucocorticoid/stress-related disor-
ders, however, the antidepressant-like effect of ursolic acid in
a stress-induced animal model remains to be determined.
Therefore, this study investigated the possible
antidepressant-like effect of ursolic acid in mice subjected to
the chronic unpredictable stress protocol, and whether this
effect could be associated with the modulation of serum
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corticosterone levels and Bcl-2/Bax mRNA expression in
the hippocampus.

Materials and methods
Animals

The experiments were conducted using male Swiss mice (30—
40 g, 45-60 days of age) maintained under controlled temper-
ature (21 +1 °C) and humidity (50 +20%), with a 12:12 h
light/dark cycle (lights on at 7:00 a.m.). Animals were housed
in groups of 8 in a cage (41 x 34 x 16 cm) with free access to
food and water. The experiments were carried out between
9:00 a.m. and 4:00 p.m., in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals. The protocols were approved by the Institutional
Ethics Committee. All efforts were done to minimize animal
suffering and to reduce their number to the minimum neces-
sary to demonstrate consistent effects in the experiments.

Chronic unpredictable stress model and
pharmacological treatments

Chronic unpredictable stress (CUS) protocol consisted of mul-
tiple stressors randomly applied at different times of day for
14 days to prevent habituation (Table 1). Mice were divided
into control (non-stressed) and CUS (stressed) groups (n = 6—
8/group), which were maintained in separate rooms to avoid
the interference of stress odors, as previously described (Lu
etal. 2006; Moretti et al. 2012). To conduct the protocol, mice
were divided into six groups: (1) control + vehicle, (2) con-
trol + ursolic acid, (3) control + fluoxetine, (4) CUS + vehicle,
(5) CUS + ursolic acid, and (6) CUS + fluoxetine. The follow-
ing stressors were used in the CUS procedure: restraint, cold
swim, wet wood shavings/box housing tilted (45°), cold re-
straint, tail pinch, forced swim, and inescapable foot shock.
The forced swim was carried out by placing the animals in an
open cylindrical container (diameter 10 cm, height 25 cm)
containing 19 cm of water at 25+ 1 °C or 1541 °C. The foot
shock was applied in an apparatus consisting of a plastic box
(50 x 25 x 25 cm) with a front glass wall and parallel 10-mm
bronze bars on the floor. Mice were gently placed on the grid
and received a scrambled 0.7-mA, 0.5 s/min foot shock for
3 min. Tail pinch was performed by applying a clothespin
placed at 1 cm from the base of the tail. Ursolic acid
(0.1 mg/kg, p.o.) and fluoxetine (10 mg/kg, p.o.) were admin-
istered in the last 7 days of CUS protocol, i.e. from 8th day to
14th day. Drugs were obtained from Sigma Chemical Co. (St.
Louis, USA), freshly prepared before administration and ad-
ministered orally (p.o.) by gavage in a volume of 10 ml/kg
body weight. Ursolic acid was dissolved in distilled water
with 2% Tween 80 and fluoxetine diluted in distilled water.
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Table 1 Schedule of stressor

agents used in the 14-day of Day Stressor Duration Time of day

chronic unpredictable stress

protocol 1 Restraint 1.5h 02:00 p.m.
2 Cold swim (15 °C) 10 min 09:30 a.m.
3 Wet wood shavings/box housing tilted (45°) 24 h 10:30 a.m.
4 Cold restraint (8 °C) 7 min 05:30 p.m.
5 Tail pinch 10 min 01:00 p.m.
6 Swim (25°) 6 min 02:00 p.m.
7 Restraint 1.5h 09:30 a.m.
8 Inescapable foot shock (0.7 mA, 0.5 s/min) 3 min 08:30 a.m.
9 Cold swim (15 °C) 10 min 04:30 p.m.
10 Wet wood shavings/box housing tilted (45°) 24 h 01:00 p.m.
11 Inescapable foot shock (0.7 mA, 0.5 s/min) 3 min 06:30 p.m.
12 Cold restraint (8 °C) 7 min 10:00 a.m.
13 Tail pinch 10 min 02:30 p.m.
14 Inescapable foot shock (0.7 mA, 0.5 s/min) 3 min 03:00 p.m.

On the 15th day, 24 hours after the last administration of the
treatments, mice were subjected to the behavioral tests as fol-
lows: tail suspension test, open-field test, and splash test,
10 min apart, as previously reported (Neis et al., 2016). The
dose of ursolic acid was based in a previous study that inves-
tigated the antidepressant-like dose-response of ursolic acid in
mice (Machado et al. 2012). The dose of fluoxetine and time
points of administration were chosen based on previous stud-
ies (Moretti et al. 2012; Colla et al. 2014). After the behavioral
tests, mice were deeply anesthetized with isoflurane and im-
mediately euthanized by decapitation, and the serum and hip-
pocampus were collected for biochemical analysis, as shown
in Fig. 1.

Tail suspension test

The tail suspension test is one of the most widely used tests for
assessing antidepressant-like activity in mice. The total immo-
bility time of mice suspended by the tail was measured as
previously proposed (Steru et al. 1985). Briefly, visually iso-
lated mice were suspended 50 cm above the floor by adhesive
tape placed approximately 1 cm from the tip of the tail.
Immobility time was recorded during a 6-min period by an
experienced observer blinded to the experimental groups.
Mice were considered immobile only when they hung pas-
sively and completely motionless.

Open-field test

The locomotor activity of mice was assessed in the open-field
apparatus, which consists of a wooden box (40 X 60 cm x
50 cm) with the floor divided into 12 equal squares
(Rodrigues et al. 1996). At the start of each trial, mice were
placed in the left corner of the field and allowed to freely

explore the arena. The number of crossings (squares crossed
with all paws) and total time in the center zone was registered
for 6 min. The arena floor was cleaned with 10% ethanol
between the tests.

Splash test

The splash test consists of squirting a 10% sucrose solution
(w/v) on the dorsal coat of mice placed in a clear box (13 x
20 x 30 cm). Due to its viscosity, the sucrose solution dirties
the mice which then initiate grooming behavior. After apply-
ing the sucrose, the time spent until the first grooming episode
and the total time of grooming were recorded for 5 min, as an
index of self-care and motivational behavior, considering any
apathetic behavior as symptoms of depression (Willner 2005;
Moretti et al. 2012). The apparatus was cleaned with 10%
ethanol between tests.

RNA extraction, cDNA synthesis, and RT-qPCR analysis

After the behavioral tests, mice were deeply anesthetized with
isoflurane and immediately euthanized by decapitation.
Brains were removed, and the hippocampus was rapidly dis-
sected at 4 °C, placed in liquid nitrogen and stored at — 80 °C
until use. Total RNA was extracted using Trizol reagent
(Invitrogen, USA) and samples were incubated with DNase
I, Amplification Grade (Invitrogen, USA). Complementary
DNA synthesized using 0.4 ug of total RNA was reverse
transcribed to cDNA using High Capacity cDNA reverse tran-
scription kit (Applied Biosystems, USA). Reaction mix, in a
final volume of 20 pl, was incubated at 25 °C for 10 min, at
48 °C for 1 h, and then at 95 °C for 5 min. The obtained cDNA
solution was diluted 1:5. Quantitative real-time (qQRT-PCR)
was performed using 0.3 mM of each primer, 5 pl of
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Fig. 1 Schedule of treatments, behavioral tests, and biochemical
analyses. Male Swiss mice were subjected to the CUS protocol, which
consists of a variety of stressors randomly applied at different times of day
for 14 days. Ursolic acid (0.1 mg/kg, p.o.) or fluoxetine (10 mg/kg, p.o.)
were administered in the last 7 days of CUS protocol, i.e. from 8th day to

Maxima SYBR® Green/ROX qPCR Master Mix 2x (Thermo
Fisher Scientific, Sao Paulo, Brazil) and 2 pl of each diluted
c¢DNA, in a 7900 HT Fast Real-Time PCR System (Thermo
Fisher Scientific). Amplification conditions were 50 °C for
2 min, 90 °C for 10 min followed by 40 cycles of 95 °C for
15 s and 60 °C for 1 min. The primers used were designed
with Primer Express software version 3.0 (Applied
Biosystems, USA) and the sequences are described as follows:
Bcl-2 forward (5’-GGTGAACTGGGGGAGGATTGT-3’)
and reverse (5’-CTTCAGAGACAGCCAGGAGAA-3’),
Bax forward (5’-AGAGGATGATTGCCGCCGT-3’) and re-
verse (5’-CAACCACCCTGGTCTTGGATC-3), and f3-actin
forward (5’-AAATCGTGCGTGACATCAAAGA-3’) and
reverse (5’-GCCATCTCCTGCTCGAAGTC-3). Results
were analyzed by the software Sequence Detection Systems
(SDS) version 2.4 software (Applied Biosystems, CA, USA).
Primers efficiency was tested using the standard curve meth-
od. For this purpose, a serial dilution (1:3, 1:7, 1:15, 1:31,
1:63) made from a single cDNA sample consisted of a pool
of all cDNAs from the different treatments. Only primers that
showed efficiencies between —2.9 and — 3.3 were used. The
specificity of the qPCR products was analyzed by a dissocia-
tion curve performed after amplification, observing a single
peak at the expected Tm. Furthermore, the stability of the
control gene was verified by RefFinder online tool. Results
were analyzed by a standard curve-based method in which
arbitrary numbers were given for each one of the five points
in a logarithmic base 10 scales (Siteneski et al. 2018). Controls
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14th day. On the 15th day, 24 hours after the last administration of ursolic
acid or fluoxetine, mice were subjected to the tail suspension test, open-
field test, and splash test, 10 min apart. After the behavioral tests, mice
were immediately euthanized by decapitation and the serum and hippo-
campus were collected

were confronted against the curves resulting in the relative
value of amplicons. Results were normalized by (3-actin
values and converted into percentage considering control
values as 100%.

Serum corticosterone assay

After mice were deeply anesthetized with isoflurane and im-
mediately euthanized by decapitation, the trunk blood was
harvested and serum collected and stored at — 80 °C for corti-
costerone analysis. The hormone analysis was carried out
using a quantitative competitive enzyme immunoassay kit
(Corticosterone EIA Kit Assay Designs® Inc., MI, USA) ac-
cording to the manufacturer’s instructions. Intra-assay mea-
sures of variability were 5%. Serum corticosterone concentra-
tions were determined from the standard curve and expressed
in nanograms per milliliter.

Statistical analysis

The D’ Agostino-Pearson test was used to assess data normal-
ity. Differences among experimental groups were determined
by one-way or two-way analysis of variance (ANOVA)
followed by Newman-Keuls post hoc test, when appropriate.
Values of P < 0.05 were considered significant. The results are
expressed as means =+ standard error of the mean (S.E.M).
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Results

Effect of repeated treatment with ursolic acid or
fluoxetine in the tail suspension test, open-field test,
and splash test

To investigate the antidepressant-like effect of ursolic acid in mice
subjected or not to the CUS model, mice were treated for 7 days
with ursolic acid (0.1 mg/kg, p.o.) and subjected to the tail suspen-
sion, open-field test, and splash test 24 hours after its last adminis-
tration. Fluoxetine (10 mg/kg, p.o0.), a selective serotonin reuptake
inhibitor, was used as a positive control to validate the experiments.

Figure 2 shows the influence of CUS protocol and/or the
repeated treatment with ursolic acid (0.1 mg/kg, p.o.) or fluoxe-
tine (10 mg/kg, p.o.) on the immobility time in the tail suspension
test (panel A), the number of crossings (panel B) and time spent
in the center of the open-field apparatus (panel C). Two-way
ANOVA revealed significant differences for treatment [F (,
42y=73.08, P <0.01], CUS [F 4, 4,=12.78, P <0.01], and treat-
ment X CUS interaction [F (5, 42)=3.40, P <0.05]) in the immo-
bility time (panel A). Post-hoc analysis showed that repeated
treatment of ursolic acid, similar to fluoxetine, significantly re-
duced the immobility time when compared to the vehicle-
administered control group (P <0.01), suggesting an
antidepressant-like effect. Moreover, CUS protocol significantly
induced a depressive-like behavior as observed by the increased
immobility time in the tail suspension test (P <0.01), but this
effect was not observed in mice treated with ursolic acid or
fluoxetine (P <0.01). No significant alterations were observed
in the number of crossings (panel B) in mice subjected to the
open-field test, ruling out the possibility of interference of CUS
and/or treatments in the locomotor activity (treatment [F o 42)=
0.58,P=0.57], CUS [F (1, 42y=4.02, P = 0.06], treatment x CUS
interaction [F o 42)=0.97, P=0.39]). Furthermore, no effects
were observed in the time spent in the center of the apparatus
(panel C) in mice subjected to the open-field test (treatment [F (.
42y=1.15,P =0.33], CUS [F (1, 42y=0.54, P = 0.47], treatment X
CUS interaction [F (5 42)=0.13, P =0.88]).

Figure 3 shows the influence of CUS protocol and/or the
repeated treatment with ursolic acid (UA; 0.1 mg/kg, p.o.) or
fluoxetine (FLX; 10 mg/kg, p.o.) in the grooming latency (panel
A) and time spent grooming (panel B). Two-way ANOVA re-
vealed significant differences for CUS [F . 42y=5.11, P <0.05]
and treatment X CUS interaction [F  42)=3.48, P <0.05], but
not for treatment [F (5, 42)=2.44, P=0.10] in the grooming la-
tency (panel A). Post-hoc analysis showed an increased
grooming latency in mice subjected to CUS protocol when com-
pared with their non-stressed counterparts (P <0.01), and this
effect was completely prevented by treatment with ursolic acid
or fluoxetine (P <0.01). Furthermore, two-way ANOVA re-
vealed significant differences for treatment < CUS interaction [F
@. 42y=4.73, P <0.05], but not for treatment [F (5, 4)=0.59, P =
0.56] and CUS [F (i, 42y=1.77, P=0.19] in the time spent
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Fig. 2 Effects of repeated treatment with ursolic acid (UA; 0.1 mg/kg, p.o.)
or fluoxetine (FLX; 10 mg/kg p.o.) on the immobility time (a), number of
crossings (b), and time in the center of the open-field apparatus (c) in mice
subjected or not to CUS protocol. Values are expressed as means + S.E.M
(n=8). **P<0.01 as compared with the vehicle-administered control
group; ##P < 0.01 as compared with the vehicle-administered CUS group
(two-way ANOVA followed by Newman-Keuls post-hoc test)

grooming (panel B). Post-hoc analysis showed that CUS protocol
and/or treatments did not alter the time spent grooming in mice
subjected to the splash test.

Effects of repeated treatment with ursolic acid or
fluoxetine on corticosterone levels and Bcl-2/Bax
mRNA expression

The effects of CUS protocol and/or treatments with ursolic
acid or fluoxetine on serum corticosterone levels and Bcl-2/
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Fig. 3 Effects of repeated treatment with ursolic acid (0.1 mg/kg, p.o.) or
fluoxetine (10 mg/kg p.o.) on the latency to start the first grooming (a)
and total time spent grooming (b) in mice subjected or not to CUS
protocol. Values are expressed as means + S.E.M (n=38). **P<0.01 as
compared with the vehicle-administered control group; ##P <0.01 as
compared with the vehicle-administered CUS group (two-way ANOVA
followed by Newman-Keuls post-hoc test)

Bax mRNA expression in the hippocampus were subsequent-
ly evaluated. Figure 4 shows the levels of serum corticoste-
rone (panel A) and mRNA expression of Bcl-2 (Panel B), Bax
(panel C), and Bcl-2/Bax ratio (Panel D) in the hippocampus
of mice subjected to CUS protocol and/or repeated adminis-
tration of ursolic acid (0.1 mg/kg, p.o.) or fluoxetine
(10 mg/kg, p.o.). Two-way ANOVA revealed no significant
differences for treatment [F 5, 30,=2.70, P=0.08], CUS [F (;,
30)=0.06, P=0.82], and treatment x CUS interaction [F
30)=0.18, P =0.83] in the levels of serum corticosterone (pan-
el A). Likewise, two-way ANOVA revealed no significant
differences for treatment [F , 30y=1.11, P=0.36], CUS [F
a,30)=0.89, P =0.36], and treatment x CUS interaction [F ¢,
30)=0.60, P =0.56] in the Bcl-2 mRNA expression (panel B).
However, two-way ANOVA indicated significant differences
for treatment [F (5, 30,=4.82, P<0.05], CUS [F (4, 30)=5.05,
P <0.05], and treatment x CUS interaction [F (5, 39)=4.82, P
<0.05] in the Bax mRNA expression (panel C). Post-hoc
analysis showed that the CUS protocol significantly increased
the Bax mRNA expression in the hippocampus when com-
pared with the vehicle-administered control group (P < 0.05).
However, this alteration was significantly prevented by the
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repeated treatment with ursolic acid (P <0.01), but not with
fluoxetine. Furthermore, concerning the Bcl-2/Bax mRNA
expression ratio in the hippocampus, two-way ANOVA indi-
cated significant differences for treatment [F . 30, =60.56, P
<0.01], CUS [F (. 30)=37.87, P<0.01], and treatment x
CUS interaction [F (2, 30)=70.55, P < 0.01]. Post-hoc analysis
showed that CUS protocol significantly decreased the mRNA
expression ratio of Bcl-2/Bax in the hippocampus when com-
pared with the vehicle-administered control group (P <0.01),
but this alteration was completely prevented by the repeated
treatment with ursolic acid or fluoxetine (P <0.01).

Discussion

In the present study, we showed to our knowledge for the first
time that the repeated treatment with a low dose of ursolic acid
was effective in eliciting an antidepressant-like effect in a
stress-induced model of depression in mice. The impaired
mRNA expression of Bax and Bcl-2/Bax ratio in the hippo-
campus induced by chronic stress was completely prevented
by the treatment with ursolic acid. Noteworthy, the behavioral
and neurochemical effects exerted by ursolic acid were similar
to those triggered by the conventional antidepressant drug
fluoxetine.

The beneficial effects of ursolic acid for the management of
psychiatric disorders have been described (Ramos-Hryb et al.
2017a). Here, in the first set of results, we demonstrated that
repeated treatment with ursolic acid (0.1 mg/kg, p.o.) for 7
days, similar to fluoxetine (10 mg/kg, p.o.), significantly re-
duced the immobility time (a despair-like behavior marker) in
non-stressed mice subjected to the tail suspension test, a pre-
dictive behavioral test widely used to screen antidepressant-
like efficacy of compounds. Our results are supported by pre-
vious evidence showing the ability of ursolic acid adminis-
tered acutely to exert an antidepressant-like effect in the tail
suspension test and forced swim test in naive mice (Machado
et al. 2012; Colla et al. 2014; Khan et al. 2016; Ramos-Hryb
et al. 2017b). In search of the mechanisms underlying the
antidepressant effect of ursolic acid, compelling studies have
postulated that this triterpenoid could act similarly to the con-
ventional antidepressants (Machado et al. 2012; Colla et al.
2014; Khan et al. 2016; Ramos-Hryb et al. 2017b; Singla et al.
2017). In silico and in vitro studies have revealed that mono-
amine oxidase-A inhibition and GABA-A receptors modula-
tion may be targets underpinning the antidepressant effect of
ursolic acid (Khan et al. 2016; Singla et al. 2017). In vivo
studies have shown that the monoaminergic systems are im-
plicated in the antidepressant-like effect of ursolic acid
(Machado et al. 2012; Colla et al. 2014). Particularly, the
antidepressant-like effect of acute administration of ursolic
acid in the tail suspension test was mediated by the modula-
tion of dopamine D; and D, receptors (Machado et al. 2012).
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Fig. 4 Effects of repeated treatment with ursolic acid (UA; 0.1 mg/kg,
p.o.) or fluoxetine (FLX; 10 mg/kg p.o.) on corticosterone levels in the
serum (a) and mRNA expression of Bcl-2 (b), Bax (¢), and Bcl-2/Bax
ratio (d) in the hippocampus of mice subjected or not to CUS protocol.

Reinforcing these results, a sub-effective dose of ursolic acid
in combination with sub-effective doses of bupropion, a dual
dopamine/noradrenaline reuptake inhibitor, exerted an
antidepressant-like effect in the tail suspension test
(Machado et al. 2012). Moreover, the combined administra-
tion of sub-effective doses of ursolic acid and fluoxetine or
reboxetine, selective serotonin/noradrenaline reuptake inhibi-
tors, respectively, elicited an antidepressant-like effect in the
tail suspension test (Colla et al. 2014). Additionally, acute
administration of ursolic acid elicited an antidepressant-like
effect in the tail suspension test through the modulation of
PKA, PKC, CAMK-II, and MAPK pathway (Ramos-Hryb
et al. 2017b). However, it remained to be determined whether
ursolic acid is effective to exert an antidepressant-like effect in
a model of depression induced by stress.

A growing body of consistent evidence has demonstrated
that CUS protocol is capable of mimicking the behavioral and
neurochemical alterations observed in patients with MDD (Li
etal. 2011; Moretti et al. 2012; Zhang et al. 2015; Gawali et al.
2017). This model has a predictive, face, and construct valid-
ity, which makes it a useful tool to study the mechanisms
underlying the neurobiology of MDD (Planchez et al. 2019).
Notably, CUS-induced alterations are completely prevented
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Values are expressed as means + S.E.M (n=6). *P < 0.05 and **P < 0.01
as compared with the vehicle-administered control group; ##P < 0.01 as
compared with the vehicle-administered CUS group (two-way ANOVA

Jollowed by Newman-Keuls post-hoc test)

or counteracted by conventional antidepressant drugs
(Manosso et al. 2016; Liu et al. 2017; Gawali et al. 2017,
Zhang et al. 2019) and fast-acting antidepressant agents (Li
etal. 2011; Neis et al. 2016). Here, we demonstrated that CUS
protocol consistently induced a depressive-like behavior, as
demonstrated by an increase in the immobility time and laten-
cy to first grooming (a self-care marker) in the tail suspension
test and splash test, respectively, without affecting locomotor
activity in the open-field test. These results are in agreement
with previous studies that used the CUS protocol to induce
depressive-like behavior in mice (Moretti et al. 2012; Kaster
etal. 2015; Liu et al. 2017). However, no effect was observed
in the total time of grooming (an anhedonic-like behavior
marker) and time in the center of the open-field apparatus
(an anxious-like behavioral marker). Conversely, the repeated
treatment of ursolic acid (0.1 mg/kg, p.o.), similar to fluoxe-
tine (10 mg/kg, p.o.), completely prevented the increased im-
mobility time and grooming latency induced by CUS proto-
col, suggesting an antidepressant-like effect of this compound.
Supporting these results, ursolic acid was reported to be effec-
tive to protect the HT22 cell line against corticosterone-
induced cytotoxicity by modulating glucocorticoid receptors
and PKA, PKC, and CaMKII (Ramos-Hryb et al. 2019). In
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addition, the results triggered by fluoxetine in mice subjected
to CUS protocol are in consonance with previous studies
(Moretti et al. 2012; Manosso et al. 2016; Liu et al. 2017,
Shen et al., 2019).

In the next step of the study, we decided to shed light on the
possible mechanisms associated with the antidepressant-like
effect of ursolic acid. Of special interest, we investigated
whether the modulation of serum corticosterone levels and
the expression of pro/anti-apoptosis proteins in the hippocam-
pus could be associated with the antidepressant-like effect of
ursolic acid. Particularly, high levels of corticosterone induced
by chronic stress may cause neural cell death in the hippocam-
pus, which in turn amplifies the HPA axis dysfunction since
under normal conditions this brain region regulates the HPA
axis negative feedback mechanism (Lee et al. 2002;
Mizoguchi et al. 2003). Additionally, it is thought that stimu-
lation of pro-apoptotic pathways induced by corticosterone is
one of the mechanisms underlying the cell death and conse-
quently the atrophy in the hippocampus (Liu et al. 2011; Latt
et al. 2018). Noteworthy, previous studies reported that hip-
pocampal atrophy and neuronal apoptosis exist in patients
with MDD (Sheline et al. 1996; Lucassen et al. 2001) and
stress-induced animal models (Kosten et al. 2008; Liu et al.
2016; Shen et al. 2019). However, in the present study, CUS
protocol and/or treatment with ursolic acid or fluoxetine did
not alter the levels of serum corticosterone in mice. This result
agrees with previous studies that also used similar protocols of
chronic stress (Noschang et al. 2009; Moretti et al. 2012).
Indeed, alterations on the serum corticosterone levels have
been reported in rodents subjected to longer protocols of
chronic stress (Garcia et al. 2009; Jindal et al. 2013).
Therefore, one may suppose that a longer period of CUS pro-
tocol could be necessary to induce alterations on serum corti-
costerone levels. However, we cannot rule out that CUS pro-
tocol could have affected the corticosterone levels and gluco-
corticoids receptors expression in the hippocampus or other
brain regions involved with mood modulation (prefrontal cor-
tex), which express a high density of glucocorticoid receptors
and are involved with HPA axis regulation (Lee et al. 2002;
McKlveen et al. 2013). Furthermore, although we did not find
any alteration on serum corticosterone levels in any experi-
mental group, it cannot be ruled out the possibility that ursolic
acid may exert a modulatory effect on corticosterone levels in
mice submitted to other stress protocols. The ability of this
triterpenoid to counteract the forskolin-stimulated cortisol
(functional role equivalent to corticosterone) release in the
H295R human adrenal tumor cell line was previously shown
(Richard et al. 2016).

Next, we investigated the effects of CUS and/or treatments
in the expression of pro/anti-apoptosis markers. Although the
CUS protocol did not alter the mRNA expression of Bcl-2
(anti-apoptosis marker) in the hippocampus, it increased the
mRNA expression of Bax (pro-apoptosis marker) and
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decreased the Bel-2/Bax ratio, suggesting a possible event of
apoptosis triggered by stress. Importantly, the balance be-
tween Bax and Bcl-2 expression is tightly controlled in the
cell, although it may be disrupted in rodents exposed to chron-
ic stress (Gross and Katz 2017). In line with this, some studies
have shown alterations in Bcl-2/Bax expression in the hippo-
campus (Liu et al. 2016; Shen et al. 2019) and prefrontal
cortex (Kosten et al. 2008), of rodents subjected to chronic
stress. Notably, chronic stress caused a downregulation in the
expression of Bcl2 and upregulation in the expression Bax,
which partially agrees with our results (Shen et al. 2019).
However, it has been shown that chronic stress can selectively
decrease the expression of Bcl-2 in the prefrontal cortex, but
not in the hippocampus (Kosten et al. 2008). Consistent with
the notion that hippocampal apoptosis is implicated in the
depressive-like behavior elicited by stress, here we show that
the repeated treatment with ursolic acid completely prevented
the increased mRNA expression of Bax in the hippocampus
induced by CUS protocol. Reinforcing this result, ursolic acid
was also capable of preventing the CUS-induced reduction on
Bcl-2/Bax ratio, an effect also exerted by fluoxetine.
Importantly, the ability of fluoxetine to neutralize the impaired
Bax expression induced by stress in the hippocampus was
previously reported (Shen et al. 2019). These results suggest
that the modulation of Bcl-2/Bax apoptosis-related proteins
could be associated with the antidepressant-like effect of
ursolic acid in mice subjected to CUS. In support of this as-
sumption, it has been demonstrated that the clinically effective
antidepressants duloxetine, mirtazapine, fluoxetine,
reboxetine, tranylcypromine, imipramine, as well as the fast-
acting antidepressant ketamine, can modulate apoptosis-
related pathways, an effect likely associated with their
antidepressant-like property (Kosten et al. 2008; Engel et al.
2013; Liu et al. 2016; Lieberknecht et al. 2020). However,
although the repeated treatment with ursolic acid was effective
to modulate BAX expression and Bcl-2/BAX expression ratio
in the hippocampus of CUS-exposed mice, additional exper-
iments using western blotting and immunohistochemistry
analyses could be undertaken to ascertain this response.
Moreover, further studies targeting other apoptosis-related
markers could provide novel insights into the effects elicited
by ursolic acid.

In summary, our study unveils the ability of ursolic acid to
prevent the depressive-like behavior induced by stress in two
distinct behavioral paradigms, the tail suspension test, and the
splash test. Furthermore, we provide evidence that ursolic acid
abrogated the stress-induced increased expression of Bax and
reduced Bcl-2/Bax ratio in the hippocampus, and these effects
could be implicated in its antidepressant-like effect. Finally,
our study reinforces the notion that ursolic acid, a compound
that is reported to be well-tolerated for human use and that has
several beneficial effects against brain-related disorders (Zhu
et al. 2013; Wang et al. 2013; Ramos-Hryb et al. 2017b)
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should not be underestimated as a promising antidepressant
agent. However, it is important to mention that although
ursolic acid was well-tolerated by healthy volunteers and pa-
tients with advanced tumors, a few side effects have been
reported, particularly at doses 74 and 98 mg/m?, such as nau-
sea, diarrhea, and abdominal distention after a single admin-
istration and skin pruritus, arthralgia, and triglyceride eleva-
tion after the 14-day continuous infusion (Zhu et al. 2013;
Wang et al. 2013). Therefore, we should bear in mind that
some caveats need to be considered for the use of ursolic acid
in humans. Despite these caveats, the ability of ursolic acid to
counteract the stress-induced hippocampal imbalance on
apoptosis-related proteins may be of interest for the manage-
ment of MDD associated with other brain disorders in which
hippocampal apoptosis play a crucial role such as neurodegen-
erative disorders (Ramos-Hryb et al. 2017b).
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