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ABSTRACT The administration of hesperidin elicits an antidepressant-like effect in mice by a mechanism dependent on an

interaction with the l-arginine-nitric oxide (NO)-cyclic guanosine monophosphate (cGMP) pathway, whose stimulation is

associated with the activation of potassium (K + ) channels. Thus, this study investigated the involvement of different types of

K + channels in the antidepressant-like effect of hesperidin in the mice tail suspension test (TST). The intracerebroventricular

administration of tetraethylammonium (TEA, a nonspecific blocker of K + channels), glibenclamide (an ATP-sensitive K +

channel blocker), charybdotoxin (a large- and intermediate-conductance calcium-activated K + channel blocker) or apamin (a

small-conductance calcium-activated K + channel blocker) combined with a subeffective dose of hesperidin (0.01 mg/kg,

intraperitoneally [i.p.]) was able to produce a synergistic antidepressant-like effect in the mice TST. Moreover, the antide-

pressant-like effect elicited by an effective dose of hesperidin (0.3 mg/kg, i.p.) in TST was abolished by the treatment of mice

with pharmacological compounds K + channel openers (cromakalim and minoxidil). Results showed that the antidepressant-

like effect of hesperidin in TST may involve, at least in part, the modulation of neuronal excitability through inhibition of K +

channels and may act through a mechanism dependent on the inhibition of l-arginine-NO pathway.
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INTRODUCTION

Depression has become one of the most common neu-
ropsychiatric disorders in the modern world. It is the

most disabling medical condition, in terms of years lost to
disability. It has also been projected that by 2030, depression
will be the foremost contributor to the worldwide burden of
disease.1 In recent years, herbal medicines with antidepres-
sant effects and high safety margins have become a novel
pharmacotherapy in the treatment of depression.2

Hesperidin (40-methoxy-7-O-rutinosyl-30,5-dihydroxyfla-
vanone), a naturally occurring flavanone glycoside, is predom-
inant in citrus fruits3 and exerts a variety of pharmacological
effects, including antioxidant3 and neuroprotective activi-
ties.4 The potential therapeutic value of hesperidin for de-
pression has been increasingly demonstrated by our initial
research; it has exhibited antidepressant-like effect in mice,
possibly dependent on the interaction with the serotonergic
5-HT1A and kappa-opioid receptors.5,6 Furthermore, our

recent findings suggest that acute and chronic treatment
with hesperidin produces an antidepressant-like effect by a
mechanism that modulates the inhibition of the l-arginine-
nitric oxide (NO)-cyclic guanosine monophosphate (cGMP)
pathway. This effect may also be partially mediated through
the increase of hippocampal brain-derived neurotrophic
factor levels.7

Potassium (K + ) channels are a key component of this
electrical circuit and are controlled either by an electrical
impulse or through signaling molecules.8 The association of
K + channels in the modulation of depression has been
suggested by several preclinical studies. The administration
of different K+ channel inhibitors such as tetraethylammonium
(TEA), gliquidone and glibenclamide, charybdotoxin and
apamin decreases the duration of immobility in the forced
swimming test (FST) in mice, which is an indicative of an
antidepressant-like effect.9,10 On the other hand, K + channel
openers, such as minoxidil or cromakalim, increase the
immobility time, which is an indicative of a depressive-like
effect.9,10

NO exerts its neural effects through several mechanisms,
including modulation of ionic conductance.11 K + channels
have been shown to be targets of NO signaling.12 It has also
been reported that both NO and cGMP, produced through
the activation of nitric oxide synthase (NOS) and soluble
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guanylate cyclase (sGC), respectively, may activate differ-
ent types of K + channels in several tissues.2,10 Consequently,
the therapeutic potential of K + channels as drug targets in
medicine is widely recognized because the dysfunction
in K + channels is associated with neurological disorders
such as depression. Thus, the pharmacological modulation
of these channels may potentially represent a powerful way
of controlling central nervous system disorders.8,10

Based on the consideration above, the aim of this study
was to investigate whether different types of K + channels
are involved in the antidepressant-like effect of hesperidin in
the tail suspension test (TST) in mice. Thus, this study may
be helpful to the understanding of the mechanisms under-
lying the antidepressant-like effect of hesperidin, which are
not fully established.

MATERIALS AND METHODS

Animals

The behavioral experiments were conducted using male
adult Swiss mice (25–35 g) maintained at 22–25�C with free
access to water and food, under a 12-h light/12-h dark cycle,
with lights on at 6:00 a.m. The animals were used according
to the guidelines of the Institutional Ethics Committee
(CEUA/UNIPAMPA) under number (001/2013), and all
efforts were made to minimize animal suffering and to re-
duce the number of animals used in the experiments.

Tail suspension test

The TST has become one of the most widely used models
for assessing the antidepressant-like activity in mice. The
test is based on the fact that animals subjected to the short-
term inescapable stress of being suspended by their tail will
develop an immobile posture.13 Mice both acoustically and
visually isolated were suspended 50 cm above the floor by
adhesive tape placed *1 cm from the tip of the tail during a
6-min period.10,13

Open-field test

To assess the possible effects of hesperidin on the loco-
motor and exploratory activities, mice were evaluated in the
open-field test (OFT). The floor of the open-field, 45 cm in
length and 45 cm in width, was divided by masking tape
markers into 9 squares (3 rows of 3). Each animal was
placed individually at the center of the apparatus and ob-
served for 6 min to record the locomotor (number of seg-
ments crossed with the four paws).10,14

Drugs and treatment

The following drugs were used: l-arginine, glibencla-
mide, charybdotoxin, apamin, cromakalim, and minoxidil
(Tocris Cookson, Ballwin, MO, USA), hesperidin, TEA,
and all other chemicals were purchased from Sigma Che-
mical (St. Louis, MO, USA). Cromakalim and minoxidil
were dissolved in saline with 10% Tween 80, whereas all the
other drugs were dissolved in a saline solution (NaCl 0.9%)
immediately before use, except hesperidin which was dis-

solved by the sequential addition of dimethyl sulfoxide
(DMSO) up to a final concentration of 5%, a water solution
of 0.25% Tween 80 up to a final concentration of 20% and
saline to complete 100% volume. The choice of the doses of
hesperidin was based on published data and on preliminary
experiments.5–7,15 Drugs were administered intraperitone-
ally (i.p.) in a constant volume of 10 mL/kg body weight.

To test the hypothesis that the antidepressant-like effect
of hesperidin is mediated through the inhibition of K +

channels, animals were pretreated with a subeffective dose
of hesperidin (0.01 mg/kg, i.p.) or vehicle 30 min before the
intracerebroventricular (i.c.v.) administration of TEA (a
nonspecific blocker of K + channels, 25 pg/site), glibencla-
mide (an ATP-sensitive K + channel blocker, 0.5 pg/site),
charybdotoxin (a large- and intermediate-conductance calcium-
activated K + channel blocker, 25 pg/site), apamin (a small-
conductance calcium-activated K + channel blocker, 10 pg/
site), or vehicle before being tested in the OFT and TST.

In another set of experiments, mice were pretreated with
an effective dose of hesperidin (0.3 mg/kg, i.p.) or vehicle
30 min before the administration of cromakalim (a K+ channel
opener, 10 lg/site, i.c.v.) or minoxidil (a K+ channel opener,
10 lg/site). TST or the OFT was carried out 15 min later.

The role played by the l-arginine-NO pathway in the
antidepressant-like effect induced by hesperidin/K + chan-
nel blockers was investigated by the pretreatment with
l-arginine, a precursor of NO (750 mg/kg, i.p.). Thirty min-
utes after l-arginine administration, K+ channel blockers
were injected and the animals were pretreated with a sub-
effective dose of hesperidin (0.01 mg/kg, i.p.).5,6

Intracerebroventricular injection technique

The i.c.v. injections were performed by employing a free
hand method under light ether anesthesia according to the
procedure described previously,10,14 with the bregma fissure
as a reference. Vehicle, K + channel blockers, or K + channel
openers were injected in a volume of 2 lL, given over
30 sec, and the needle remained in place for another 30 sec
to avoid the reflux of the substances injected.14

Statistical analysis

The results are expressed as the mean – standard error of
the mean. Comparisons between experimental and control
groups were performed by a two-way ANOVA (interaction
of hesperidin with the pharmacological agents) followed by
the Bonferroni’s test when appropriate. A value of P < .05
was considered to be significant. The statistical analysis was
performed using the software GraphPad Prism version 5
(GraphPad Software, Inc., La Jolla, CA, USA).

RESULTS

Effects of combined administration of subeffective doses
of the K + channel blockers and hesperidin
in the TST and OFT

Figure 1A shows the effect of the administration of sub-
effective doses of hesperidin (0.01 mg/kg, i.p.), and TEA
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(a nonspecific blocker of K + channels) was also able to
produce a synergistic action in the TST. The two-way ANOVA
revealed significant differences for hesperidin [F(1,16) =
6.96; P = .0179], TEA [F(1,16) = 14.04; P = .0018], and
hesperidin · TEA interaction [F(1,16) = 5.12; P = .0379].
Regarding locomotor activity, the two-way ANOVA re-
vealed no differences for hesperidin [F(1,16) = 0.59; P =
.4525], TEA [F(1,16) = 0.02; P = .8863], and hesperidin ·
TEA interaction [F(1.16) = 0.23; P = .6380] (data not shown).

The results depicted in Figure 1B show that glib-
enclamide (an ATP-sensitive K + channel blocker) was also
able to produce a synergistic action with a subeffective dose
of hesperidin (0.01 mg/kg, i.p.) in the TST. The two-way
ANOVA revealed significant differences for hesperidin
[F(1,16) = 11.99; P = .0032], glibenclamide [F(1,16) = 16.59;
P = .0009], and hesperidin · glibenclamide interaction [F(1,16) =
8.94; P = .0086]. In addition, the administration of glib-
enclamide alone or in combination with hesperidin did not
affect the locomotion of mice (hesperidin [F(1,16) = 0.05;
P = .8331], glibenclamide [F(1,16) = 0.43; P = .5193], and
hesperidin · glibenclamide interaction [F(1,16) = 0.01; P =
.9537; data not shown]).

As presented in Figure 1C, the administration of
charybdotoxin (a large-and intermediate-conductance calcium-
activated K + channel blocker) produced a synergistic anti-
depressant-like effect when combined with a subeffective
dose of hesperidin (0.01 mg/kg, i.p.) in the TST. The two-
way ANOVA revealed significant differences for hesperidin
[F(1,16) = 11.80; P = .0034], charybdotoxin [F(1,16) = 8.05;
P = .0119], and hesperidin · charybdotoxin interaction [F(1,16) =
12.07; P = .0031]. Additionally, charybdotoxin administra-
tion alone or in combination with hesperidin did not modify
the locomotor activity of mice in the OFT, since two-way
ANOVA revealed no significant differences for hesperidin
[F(1,16) = 0.28; P = .6043], charybdotoxin [F(1,16) = 0.13;

P = .7246], and hesperidin ·
charybdotoxin interaction [F(1,16) = 0.02; P = .8957].

The results presented in Figure 1D show the effect of
apamin (a small-conductance calcium-activated K + channel
blocker) in producing a synergistic anti-immobility effect
with a subeffective dose of hesperidin (0.01 mg/kg, i.p.) in
the TST. The two-way ANOVA revealed significant dif-
ferences for hesperidin [F(1,16) = 12.66; P = .0026], apamin
[F(1,16) = 16.44; P = .0009], and hesperidin · apamin inter-
action [F(1,16) = 23.39; P = .0002]. Additionally, apamin
administration alone or in combination with hesperidin did
not modify the locomotor activity in the OFT. The two-way
ANOVA revealed no significant differences for hesperi-
din [F(1,16) = 0.42; P = .5257], apamin [F(1,16) = 0.15; P =
.7040], and hesperidin · apamin interaction [F(1,16) = 0.02;
P = .8802].

Effects of K + channel openers on hesperidin-induced
antidepressant-like effects in the TST and OFT

Figure 2A shows that the treatment of mice with croma-
kalim (a K + channel opener) was able to reverse the anti-
depressant-like effect of hesperidin (0.3 mg/kg, i.p.) in the
TST. The two-way ANOVA revealed significant differences
for hesperidin [F(1,16) = 10.56; P = .0050], cromakalim
[F(1,16) = 11.53; P = .0037], and hesperidin · cromakalim
interaction [F(1,16) = 35.36; P = .0001]. Regarding locomotor
activity, cromakalim administration alone or in combination
with hesperidin did not produce any change in the ambulatory
behavior of mice, since the two-way ANOVA did not show
significant differences for hesperidin [F(1,16) = 0.18; P =
.6747], cromakalim [F(1,16) = 0.31; P = .5848], and hesperidin ·
cromakalim interaction [F(1,16) = 0.28; P = .6035].

Figure 2B indicates that minoxidil (a K + channel opener)
also reversed the antidepressant-like effect of hesperidin

FIG. 1. Effect of the treatment of mice with
tetraethylammonium (TEA; 25 pg/site, i.c.v.;
A), glibenclamide (0.5 pg/site, i.c.v.; B),
charybdotoxin (25 pg/site, i.c.v.; C), or apa-
min (10 pg/site, i.c.v.; D) in combination with
a subeffective dose of hesperidin (0.01 mg/kg,
i.p.) in the TST. Each value is expressed as
the mean – S.E.M. (n = 7 mice in each group).
Asterisks represent significant effect (**P <
.01; ***P < .001) when compared with the
respective vehicle-treated control group. i.c.v.,
intracerebroventricular; i.p., intraperitoneally;
S.E.M., standard error of the mean; TST, tail
suspension test.
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(0.3 mg/kg, i.p.) in the TST. The two-way ANOVA revealed
significant differences for hesperidin [F(1,16) = 24.81; P =
.0001], minoxidil [F(1,16) = 11.26; P = .0040], and hesper-
idin · minoxidil interaction [F(1,16) = 25.85; P = .0001].
Administration of minoxidil alone or in combination with
hesperidin did not change the locomotor activity of mice,
since two-way ANOVA did not show significant differ-
ences for hesperidin [F(1,16) = 0.09; P = .7637], cromakalim
[F(1,16) = 0.14; P = .7128], and hesperidin · cromakalim
interaction [F(1,16) = 0.17; P = .6837].

Effects of l-arginine (a precursor of NO) on combined
administration of subeffective doses of the K + channel
blockers and hesperidin in the TST and OFT

Figure 3 shows that the pretreatment of mice with
l-arginine (750 mg/kg, i.p., a NO precursor) reversed the
reduction in the immobility time elicited by K + channel
blockers (TEA, glibenclamide, charybdotoxin, or apamin)
with a subeffective dose of hesperidin (0.01 mg/kg, i.p.)
in the TST. Administration of l-arginine or K + channel

blockers alone or in combination with hesperidin did not
produce any change in the ambulatory behavior of mice in
the OFT.

DISCUSSION

Extending previous findings from our group5–7 has al-
ready contributed to the understanding of the mechanisms
underlying antidepressant-like effects of hesperidin. The
present study, using several pharmacological tools, has
demonstrated evidences that the modulation of K + channels
contributes to the antidepressant-like effect of hesperidin in
TST. The treatment of mice with subeffective doses of
different K + channel blockers (TEA, glibenclamide, char-
ybdotoxin, and apamin) combined with a subeffective dose
of hesperidin was able to produce a synergistic antidepressant-
like effect in the mice TST. Additionally, to confirm our
hypothesis, whereas the treatment of mice with pharmaco-
logical compounds was able to open K + channels (croma-
kalim and minoxidil), the antidepressant-like effect elicited
by an effective dose of hesperidin in TST was abolished.

To exclude the possibility that the synergistic effect of
hesperidin and the K + channel inhibitors in the TST is a
reflection of generalized increased locomotor activity, mice
were observed in an OFT for ambulation. In general, com-
pounds that induce an increase of ambulatory behavior
cause hyperactivity in the OFT together with reduced im-
mobility in the TST and may produce a false-positive ef-
fect.16,17 Indeed, our OFT results indicate that neither the
K + channel inhibitors alone nor administered in combina-
tion with hesperidin alters the locomotor activity. Therefore,
the synergistic antidepressant-like effect of hesperidin
combined with the K + channel inhibitors observed in this
study could not be attributed to general hyperactivity.

The pretreatment of mice compound able to block dif-
ferent types of K + channels, such as TEA, a nonspecific
blocker of K + channels,18 glibenclamide, an ATP-sensitive
K + channel blocker, charybdotoxin, a blocker of large (or
fast)-conductance calcium-gated K + channels,19 and apa-
min, a blocker of small (or low)-conductance calcium-gated
K + channels,20 was able to produce an effect with a sub-
effective dose of hesperidin. Altogether, these results show
an important role played by ATP-sensitive and calcium-
activated K + channels in the antidepressant-like effect of
hesperidin in the TST, probably by inhibiting membrane hy-
perpolarization, leading to an increased excitatory response.

FIG. 2. Effect of the treatment of mice with
cromakalim (10 lg/site, i.c.v.; A) or minoxi-
dil (10 lg/site, i.c.v.; B) on the antidepres-
sant-like effect of hesperidin (0.3 mg/kg, i.p.)
in the TST. Each value is expressed as the
mean – S.E.M. (n = 7 mice in each group).
Asterisks represent significant effect (***P <
.001) when compared with the respective
vehicle-treated control group. (##P < .001)
compared with hesperidin alone.

FIG. 3. Effect of the treatment of mice with l-arginine (750 mg/kg,
i.p.) on combined administration of subeffective doses of the K +

channel blockers (TEA, glibenclamide, charybdotoxin, or apamin)
with a subeffective dose of hesperidin (0.01 mg/kg, i.p.) in the TST.
Each value is expressed as the mean – S.E.M. (n = 7 mice in each
group). Asterisks represent significant effect (**P < .01) when com-
pared with the vehicle-treated control group. (#P < .01) compared
with hesperidin/K + channel blockers.
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In many central neurons, serotonin (5-hydroxytryptamine
[5-HT]) acts through 5-HT1A receptors, which are coupled
to G proteins, activating an inwardly rectifying K + current
and leading to hyperpolarization.21,22 Furthermore, 5-HT
hyperpolarized the medial preoptic area neurons by the
activation of the G-protein-coupled inwardly rectifying K +

currents using 5-HT1A receptors.23 The inhibition of A-type
K + currents has also been reported to enhance the sponta-
neous basal release of [3H]5-HT in rat hippocampal slices.24

Consistent with this notion, there is substantial evidence
indicating an association between K + channels and the
mechanism of action of antidepressants, especially those
related to the 5-HT system, which also act on voltage-gated
ion channels as inhibitors of K + channels, including fluox-
etine, sertraline, venlafaxine, and duloxetine.25,26 Hence, the
synergistic action of the K + channel blockers and hesperidin
in the TST could be dependent on the activation of the se-
rotonergic system, particularly by an interaction with the
5-HT1A receptors. This hypothesis is in agreement with
the data presented by Souza et al.,5 which demonstrated that
the administration of pCPA (an inhibitor of 5-HT synthesis)
and WAY100635 (a selective 5-HT1A receptor antagonist)
prevented the antidepressant-like effect of hesperidin in the
mice TST.

To reinforce our hypothesis, we have also shown that the
activation of the K + channels produced by cromakalim or
minoxidil was able to prevent the decrease in the immobility
time (antidepressant-like effect) induced by an effective
dose of hesperidin in the TST. These results help to support
the involvement of K + channels in the antidepressant-like
effect of hesperidin in mice. Additionally, the literature data
report that the administration of K + channel openers, such
as minoxidil or cromakalim, increased the immobility time.9

Additionally, the treatment of animals with cromakalim was
able to antagonize the anti-immobility effect of several an-
tidepressants, such as imipramine, amitriptyline, desipra-
mine, and paroxetine.27

It has been suggested that the l-arginine-NO-cGMP
pathway is implicated in the neurobiology of depression.2

The decrease of brain NO levels or the blocking of the
synthesis of NO (blocking NOS) in the brain may induce
antidepressant-like effects, thus implicating the role of en-
dogenous hippocampal NO in the pathophysiology of major
depression.28 Furthermore, some studies have reported
that NO and cGMP are important modulators of some K +

channels at the central level, and the inhibition of these
channels may represent an important role in the mecha-
nisms involved in a major depressive disorder.10,29 We
have recently demonstrated that hesperidin produces an
antidepressant-like effect in the TST by a mechanism that
modulates the inhibition of the l-arginine-NO-cGMP path-
way.7 In our study, antidepressant-like effects of the com-
bined administration of subeffective doses of the K +

channel blockers and hesperidin in the TST were reversed
by pretreatment with the precursor of NO, l-arginine. These
results reinforce the idea that the inhibition of l-arginine-
NO-cGMP pathway prevents the activation of K + channels
and these mechanisms are involved in the antidepressant-

like effect of hesperidin. As demonstrated in the present
work, we extend previous findings by suggesting that the
antidepressant-like effect of hesperidin in the TST may be
related to a regulation of neuronal excitability modulation
of K + channels. Thus, an indirect blockade of the K +

channels by hesperidin through the l-arginine-NO-cGMP
pathway could account for the behavioral results observed
in this study.

Our study extends previous findings from our group re-
garding the mechanism linked to the antidepressant-like
effect of hesperidin in the TST. The treatment of mice with
different K + channel blockers produced an antidepressant-
like effect combined with a subeffective dose of hesperidin,
whereas the treatment with K + channel openers was able
to reverse the antidepressant-like effect produced by an ef-
fective dose of hesperidin. Although it is not possible to
rule out other underlying mechanisms of effect, together
the results herein suggest that the modulatory effects of
hesperidin on modulation of neuronal excitability, through
inhibition of K + channels, may act using a mechanism de-
pendent on the inhibition of l-arginine-NO pathway, which
is a mechanism underlying its antidepressant-like effect in
the TST.
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