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Abstract

Asperuloside (ASP) and geniposide (GP) are iridoids that have shown various biological properties, such as reduction of
inflammation, oxidative stress, and neuroprotection. The aim of this study was to investigate the mechanism of action of ASP
and GP through the experimental model of pilocarpine-induced seizures. Mice were treated daily with saline, valproic acid
(VPA), GP (5, 25, or 50 mg/kg), or ASP (20 or 40 mg/kg) for 8 days. Pilocarpine (PILO) treatment was administered after
the last day of treatment, and the epileptic behavior was recorded for 1 h and analyzed by an adapted scale. Afterward, the
hippocampus and blood samples were collected for western blot analyses, ELISA and comet assay, and bone marrow to the
micronucleus test. We evaluated the expression of the inflammatory marker cyclooxygenase-2 (COX-2), GluN2B, a subunit
of the NMDA receptor, pGluR1, an AMPA receptor, and the enzyme GAD-1 by western blot and the cytokine TNF-a by
ELISA. The treatments with GP and ASP were capable to decrease the latency to the first seizure, although they did not
change the latency to status epilepticus (SE). ASP demonstrated a genotoxic potential analyzed by comet assay; however, the
micronuclei frequency was not increased in the bone marrow. The GP and ASP treatments were capable to reduce COX-2
and GluN2B receptor expression after PILO exposure. This study suggests that GP and ASP have a protective effect on
PILO-induced seizures, decreasing GluN2B receptor and COX-2 expression.
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Introduction epileptic seizures (Fisher et al. 2014). It can be defined as a

brain disorder characterized by a long-lasting predisposition

The concept of epilepsy is applied to a variety of conditions,
very heterogeneous in terms of etiology, clinical expression,
severity, and prognosis, united only by the recurrence of
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to generate epileptic seizures and by the neurobiological,
cognitive, psychological, and social consequences of this
condition. Epilepsy has emerged as a global health concern,
affecting around 70 million of the population worldwide,
mostly in underserved regions. Its incidence and prevalence
vary throughout life, with higher rates in children under
5 years old, a lower incidence of new cases in early adult-
hood, and an increase in new cases in adults over 55 years
of age (Johnson 2019; Akyuz et al. 2021).

Despite the rapid progression in clinical and preclini-
cal epilepsy research, its pathogenesis remains elusive.
Epilepsy is characterized by unexpected recurrent seizures
associated with abnormal electrical activity in the brain due
to an imbalance between excitatory and inhibitory neuro-
transmitters, e.g., glutamate and gamma-aminobutyric acid
(y-aminobutyric acid, GABA), which can result in an over-
excitation of the neurons (Santulli et al. 2016; Johnson 2019;
Alachkar et al. 2020). The classic antiepileptic medication
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(AEM) exerts only symptomatic relief rather than promot-
ing changes in the pathological process. Current drugs aim
to restore the balance between neurotransmitters by dif-
ferent mechanisms, thereby providing symptomatic relief.
Although most patients achieve permanent remission, 30%
still are resistant to pharmacological treatment. Likewise,
adverse events related to AEM are common, with as many as
60% of patients reporting issues such as cognitive dysfunc-
tion, incoordination, sedation, and mood disturbance (Akyuz
et al. 2021; Dang et al. 2021). These facts clearly reflect the
need for a better understanding of the mechanisms involved
in epilepsy, as well as the development of more effective
therapies against epileptic seizures.

In this context, the search for new drugs from natural
products becomes a suitable process, where plants are a
natural reservoir of secondary metabolites, chemical enti-
ties that demonstrate many biological activities (Manzione
et al. 2020). Several classes of natural compounds have been
explored, one of them being iridoids, which are metabo-
lites commonly found in a wide variety of plants. These
compounds are known to represent an extensive group of
natural secondary metabolites that have a bicyclic structure
consisting of a cyclopentane ring fused to a six-membered
heterocyclic ring containing an acetal linkage (Chan et al.
2020; Manzione et al. 2020).

GP and ASP, iridoid glycoside compounds, can be found
in several plant species, such as Gardenia jasminoides,
Eucommia ulmoides, Rehmanniaglutinosa, and Achyranthes
bidentata (Dinda et al. 2019). Studies have shown that GP
produces a diversity of in vitro and in vivo pharmacologi-
cal effects, including neuroprotective, antidiabetic, hepato-
protective, anti-inflammatory, analgesic, antidepressant-
like, cardioprotective, antioxidant, immune-regulatory,
antithrombotic, and antitumoral effects (Zhou et al. 2019b).
It has been proposed that GP seems to be a promising com-
pound for the treatment of neurodegenerative diseases, such
as Alzheimer’s disease and Parkinson’s disease (Zhang et al.
2015; Su et al. 2016; Zhou et al. 2019a). Furthermore, the
GP attenuated electroshock-induced epileptic seizures, sig-
nificantly reducing the incidence and increasing the latency
for clonic seizures in a preclinical model (Wei et al. 2018).

Investigations have reported on various medicinal ASP
properties, such as in the treatment of obesity, inflammatory
diseases, cancer, and bacterial infections (Chan et al. 2020).
Likewise, studies have shown that ASP showed to possess an
effect on anti-inflammation, including through nuclear fac-
tor-kappa B (NF-kB) and mitogen-activated protein kinase
(MAPK) signaling pathways. Alike, the protective effects
of ASP were observed in LPS-induced acute lung injury
in mice (Chen et al. 2021). Furthermore, it was observed
that ASP significantly decreased levels of nitric oxide and
prostaglandins in a model of inflammation, exerting an anti-
inflammatory effect (He et al. 2018). However, few studies
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have been performed analyzing the ASP neuroprotective
activity. Thus, the aim of this study was to evaluate the ASP
and GP mechanisms of action of ASP in the experimental
model of PILO in mice.

Materials and methods
Animals and experimental design

To carry out the experiments, 112 adult male CF1 mice were
used (2- to 3-month old, weighing 35-50 g). The animals
were obtained and kept at the Center for Reproduction and
Experimentation of Laboratory Animals at the Federal Uni-
versity of Rio Grande do Sul (UFRGS). Mice were housed in
plastic cages (four per cage), with water and food ad libitum,
under a 12-h light/dark cycle (lights on at 7:00 a.m.) and at
a constant temperature of 23 +2 °C. All experiments were
designed aiming to reduce the number of animals used to a
minimum, as well as to minimize their suffering.

The sample size was calculated using a previous
study and G* power version 3.1 software, the effect size
(H=0.38; a=0.05 (type 1 error); 95% confidence interval;
power=0.95; and total sample size=112. It employs a sim-
ple randomization method, and mice were divided into eight
groups (fourteen animals per group): SAL (0.9% saline),
PILO (saline 0.9% + PILO, 280 mg/kg), VPA (valproic acid
300 mg/kg + PILO), GP5 (geniposide 5 mg/kg + PILO),
GP25 (geniposide 25 mg/kg + PILO), GP50 (geniposide
50 mg/kg+PILO), ASP20 (asperuloside 20 mg/kg + PILO),
and ASP40 (asperuloside 40 mg/kg + PILO).

The present work was approved by the Federal University
of Rio Grande do Sul Ethics Committee (CEUA/UFRGS;
37,769).

Drugs and pharmacological procedures

GP and ASP were extracted from Genipa americana and
Escallonia bifida, respectively, and isolated by chromato-
graphic methods. Their structures were confirmed by spec-
troscopic methods and can be seen in Fig. 1 (Vendruscolo
et al. 2018). Both compounds were extracted in the Phar-
macognosy laboratory in the Faculty of Pharmacy of the
Federal University of Rio Grande do Sul. Diazepam (DZP)
(Compaz®) was purchased from Cristalia, VPA (Depa-
kene®), our positive control, was purchased from Abbot,
and PILO was acquired from Sigma-Aldrich. All drugs were
dissolved in saline (NaCl 0.9%) solution. Mice treatments
were administered once daily for 8 days by gavage (Fig. 2).
The drugs were given in a volume not exceeding 10 ml/kg.
PILO (280 mg/kg, intraperitoneally, i.p.) was used to induce
seizures 24 h after the last treatment with ASP, GP, or ASP.
The decision to treat the animals before the SE generation
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Fig. 1 Chemical structure of
isolated compounds; a genipo-
side; b asperuloside. Structures
were elucidated in ChemDraw
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was based on previous studies (Wang et al. 2017; Asghar-
zade et al. 2020). The PILO dose was chosen according to
pilot test results conducted in our laboratory, and GP and
ASP doses were chosen based on previous results (Qiu et al.
2016; Wei et al. 2018; Zhao et al. 2018).

Asperuloside toxicity test

ASP was investigated for in vivo toxicological properties in
a 14-day acute oral toxicity study. As per OECD 423 guide-
lines, if there is no information on a substance to be tested,
for animal welfare reasons, it is recommended to use the
starting dose of 300 mg/kg body weight.

The parameters evaluated were skin and mucosal changes,
salivation, tremors, lethargy, convulsions, and diarrhea.
These parameters were assessed by visual analysis per-
formed by two researchers independently. All animals were

First day of treatment:
Saline, VPA, GP or ASP

(Gavage) daily Last day of treatment

Treatment

COOCH;

OGlc

SMB (1 mg/kg i.p.) and

O

OGilc

observed individually every 30 min for 24 h after adminis-
tration of the single dose. The total time of observation was
14 days. The tested doses were 300 and 2000 mg/kg. Each
dose was tested on six animals.

Induction of status epilepticus (SE)

Mice were treated with scopolamine methyl bromide
(SMB) (1 mg/kg, i.p.) 20 min previously to PILO injec-
tion to limit peripheral effects (Curia et al. 2008). After
the PILO injection, the animals were isolated in plas-
tic cages, and their behavior was recorded by video for
60 min. Behavioral changes were graded according to the
following scale: 0, no abnormality; 1, mouth and facial
movements; 2, head nodding; 3, forelimb clonus; 4, rear-
ing and bilateral forelimb clonus; 5, rearing, falling, and
jumping; 6, death (Racine 1972; Chen et al. 2019; Wang

Death and blood collection (comet
assay and MN test)

g

Death, hippocampus
dissection (Western blot
and ELISA analysis)

PILO injection (280
mg/kg i.p.)

Fig.2 Experimental design. VPA, valproic acid; GP, geniposide; ASP, asperuloside; SMB, scopolamine methyl bromide; PILO, pilocarpine;

MN, micronucleus
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et al. 2019; Lima et al. 2020; Yang et al. 2020). Seizure
latency was defined as the time between the administration
of PILO and the occurrence of the first score 3 seizure.
The beginning of SE was defined as the onset of continu-
ous stage 4 or 5 seizures or multiple stage 4/5 seizures
without regaining normal behavior between seizures. DZP
was injected to end the seizure in all the animals.

To carry out the comet assay and micronucleus test,
forty-eight mice (six animals per group) were sacrificed
by decapitation, 60 min after PILO injection, to prevent
cell repair mechanisms from decreasing detected damage
(Azqueta et al. 2014; Jiang et al. 2019). After the behavio-
ral analysis, sixty-four animals (eight animals per group)
that were used in western blot and ELISA assay received
DZP (2 mg/kg) to end their seizures.

Tissue sample

Hippocampus samples were collected at the end of the
experiment to evaluate the expression of protein scy-
clooxygenase-2 (COX-2), GluN2B, a subunit of the
NMDA receptor, pGluR1 an AMPA receptor, and the
enzyme GAD-1 by western blot. Likewise, hippocampus
samples were used to evaluate the cytokine TNF-a by
ELISA. Frozen hippocampus (— 80 °C) from each treated
mouse was homogenized in lysis buffer (pH 7.4) contain-
ing protease inhibitors and detergents (150 mM NacCl,
20 Mm Tris—HCI, 1 mM EDTA, 10% glycerol, 1% Noni-
det P40, and 0.2 mM phenylmethylsulphonyl fluoride).
The homogenates were centrifuged at 7000 g for 10 min
at 4 °C to discard cell debris, and the supernatant frac-
tion obtained was used for TNF-a measure (ELISA) and
western blotting assay. The protein levels were measured
by the method described by Bradford (Bradford 1976).
Tissue samples were frozen in liquid nitrogen and stored
at — 80 °C previously for analysis.

Peripheral blood samples were collected for the comet
assay. For the micronucleus test, bone marrow was used.
Hippocampus, blood, and bone marrow samples were col-
lected at different times after treatment to allow a better
analysis of different biochemical parameters. The comet
assay assesses acute damage, so it was necessary to collect
blood samples soon after the end of treatment. As for the
evaluation of protein expression by western blot and TNF-a
analysis by ELISA, the time was longer, according to previ-
ous studies.

TNF-a measure
The levels of TNF-a were obtained by using a commer-

cially available Enzyme-linked immunosorbent assay kit
(R&D system catalog number: DY510-05) and read using a
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microplate reader set to 450 nm, according to the supplier’s
recommendations. The test presents 2.4% cross-reactivity
and can detect 100-10,000 pg/mL. Data were calculated as
ng/mL and were expressed as percentages of the control.

Western blotting

For the western blot analysis, a 30-pg sample of total pro-
teins was separated on an SDS—polyacrylamide gel 10%
and transferred to a nitrocellulose membrane. The mem-
branes were blocked by incubation in 5% (w/v) BSA in
TBS-T (Tris-buffered saline with Tween 20 0.1%) for
30 min at room temperature. Then, membranes were blot-
ted overnight at 4 °C with the primary antibodies using rab-
bit polyclonal antibodies. For these experiments, we used
antibodies, anti-phospho-GluR1 (Ser845) clone EPR2148
(Merck Millipore 106 kDa; 1:1000; catalog no. 04—1073),
anti-GluN2B (190 kDa; 1:1000, Cell Signaling Technology,
catalog no. #D15B3), anti-COX-2 (69 kDa; 1:1000. Abcam
catalog number ab15191), anti-GADI1 (67 kDa 1:1000;
Cell Signaling Technology, catalog no. #5305), and anti-
B-actin (45 kDa; 1:500; Cell Signaling Technology, catalog
no. #8457). The blots were washed three times with TBS-T
for 10 min and developed with peroxidase-linked second-
ary antibodies goat antirabbit secondary (Millipore, Bill-
erica, Massachusetts, USA) (1:10,000 dilution) and washed
with TBS (20 mM Tris—HCI, 140 mM NaCl, pH="7.4)
for 10 min. Protein bands were then visualized using an
enhanced chemiluminescent reagent (ECL) in the iBright™
Imaging System. Relative protein levels were determined by
normalizing to the f-actin band signal, and the gray value of
the pictures was quantified by ImageJ 1.52a software.

Comet assay

The alkaline comet assay was performed as previously
described by Singh et al. (Singh et al. 1988). Briefly, 10 L.
of the peripheral blood was mixed with 90 pL LMP agarose,
spread on a normal agarose precoated microscope slide,
and kept at 4 °C for 5 min to allow for solidification. Cells
were lysed in a high-concentration salt and detergent solu-
tion (2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris with 1%
Triton X-100, and 10% DMSO freshly added) for 2 h. Sub-
sequently, cells were exposed to alkali conditions (300 mM
NaOH/1 mM Na’EDTA, pH> 13, 30 min, (4 °C) to allow
DNA unwinding and expression of alkali labile sites. Elec-
trophoresis was conducted for 20 min at 25 V and 300 mA
(94 V/cm). Then, the slides were neutralized and silver
stained. One hundred cells were scored visually according to
tail length and the amount of DNA present in the tail. Each
comet was given an arbitrary value of 0—4 (0, undamaged;
4, maximally damaged), as described by (Collins 2004). A
damage score was thus assigned to each sample, ranging
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from O (completely undamaged: 100 cells X 0) to 400 (with
maximum damage: 100 cells X 4). International guidelines
and recommendations for the comet assay consider that vis-
ual scoring of comets is a good-validated evaluation method,
as it is highly correlated with computer-based image analysis
(Collins 2004).

Micronucleus test

The micronucleus test was performed according to the US
Environmental Protection Agency Gene-Tox Program guide-
lines (Mavournin et al. 1990). Bone marrow from both mouse
femurs was suspended in fetal calf serum, and smears were
prepared on clean glass slides. Slides were air dried, fixed in
methanol, stained in 10% Giemsa, and coded for blind analy-
sis. Cyclophosphamide 40 mg/kg (i.p.) was used as a positive
control in three mice. To avoid false-negative results and to
obtain a value of bone marrow toxicity, the polychromatic
erythrocyte/normochromatic erythrocyte (PCE/NCE) ratio
was determined in 1000 cells. The incidence of micronuclei
was observed in 2000 PCE for each animal using bright-field
optical microscopy atx 1000 magnification.

Statistical analysis

All data were analyzed using GraphPad Prism software.
Evaluation of data from a percentage of seizures was carried
out using Fisher’s exact test because they were categorical
data. Latency to the first seizure, the comet assay results,
micronucleus test, TNF-a, and western blot were tested for
data normality by the Kolmogorov—Smirnov test and for
homogeneity by the Levene test. The data were analyzed by
one-way ANOVA followed by Dunnett’s test. In all compari-
sons, a significance level of 5% (p <0.05) was adopted. All
the collected data can be seen in Supplementary material 1.

Results
Evaluation of ASP toxicity in mice

The visual observations revealed that there were no sali-
vation, tremors, convulsions, lethargy, diarrhea, sleep, and
coma, and it was not found visible changes in the skin, fur,
and eyes in the mice treated with ASP (300 or 2000 mg/kg).
During the 14 days of the experiment, there was a gradual
increase in the mice’s mean body weight (Fig. 3). In the RM,
one-way ANOVA observed a difference between groups
(Fy440=15.31; p=0.0001). At the dose of 300 mg/kg, the
last two weight measurements on days 12 and 14 differed
from the first measurement (p =0.0043 and 0.0001, respec-
tively). As well as at the dose of 2000 mg/kg, the weighing
of days 12 and 14 was different from the initial weighing

-e- ASP 300
-= ASP 2000

Weight (grams)
H H
ind it

xﬁ

*

Days

Fig.3 Weight measurement of mice for 14 days after single dose
ASP treatment (OECD 423 guidelines), the values represent
means + SEM. Data were analyzed by RM one-way * p<0.05 in
comparison with the first measure of the group. N=12. ASP 300:
mice receive one dose of 300 mg/kg of asperuloside. ASP 2000: mice
receive one dose of 2000 mg/kg of asperuloside

(»=0.0011 and p=0.0005). No mortality was observed. As
per the OECD standard, ASP demonstrates low toxicity at
the doses tested.

Effect of GP and ASP on PILO-induced seizure
in mice

As shown in Fig. 4a, GP and ASP treatments were able to
increase the latency for a score 3 seizure. Data were analyzed
by one-way ANOVA (Fgq,=2.585; p=0.0234) followed
by Dunnett’s test. In the VPA group, the mean latency was
42.19 min, different from the PILO group, whose mean latency
was 20.76 min (p=0.0129). The GP50 and ASP40 groups were
different from the PILO group (p=0.0150 and p=0.0068),
increasing the latency to 41.99 and 43.59 min, respectively.

As seen in Fig. 4b, 100% of the animals in the PILO group
had scored 3 seizures. Data were analyzed in a 2 X2 contin-
gency table by Fisher’s exact test (y2=9.539; df =6). Although
the VPA group showed a reduction in the percentage of sei-
zures, the result was not statistically different from the PILO
group (p=0.22). The GP25, GP50, and ASP40 groups differed
statistically from the PILO group (p=0.0407 for both groups),
but not GP5 and ASP20 (p=0.99 and 0.97, respectively).

From the group treated only with PILO, 69% of the ani-
mals reached SE (Fig. 4c). In the VPA and ASP40 groups,
36% of the treated animals reached SE, but this difference
was not significant in the Fisher’s exact test (p =0.216).

The mean scores of seizures in each group were calcu-
lated and compared to the PILO control group by Fisher’s
exact test (Fig. 4d). The groups that achieved the highest
scores in our scale were PILO and GP5 with means of 4.02
and 3.8, respectively. The group with the lowest score was
the VPA, with a mean of 3.05. Nevertheless, no statistical
difference between groups was observed in Fisher’s exact
test (p=0.1077).
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Fig.4 Effect of GP and ASP treatment on PILO-induced seizures
in mice; a on latency to first score 3 seizures, values represent
means + SEM. b Frequency of score 3 seizures, data expressed as a
percentage of animals that reached seizure 3 in each group. ¢ Fre-
quency of SE and data expressed as a percentage of animals that
reached SE in each group; d Average of scores, values represent
means+ SEM. Analyzed by one-way ANOVA followed by Dun-
nett’s test *p <0.05 in comparison with the PILO group. **p <0.01 in

The mortality after intraperitoneal application of PILO
(280 mg/kg) was 23% in the PILO group and 14% in the
ASP20 group. The other groups that received GP or ASP
did not die at the time of observation.

Effect of GP and ASP on TNF-a expression

To analyze whether the GP and ASP properties are medi-
ated by pro-inflammatory mechanisms, we measured the
hippocampus levels of TNF-a. The results can be seen in
Fig. 5. Data were analyzed by one-way ANOVA, but there
was no statistical difference between groups (p =0.5357).

Effects of GP and ASP on GluN2B, COX-2, pGluR1,
and GAD1 expression

To analyze the mechanisms of action of GP and ASP, we
evaluated COX-2, GluN2B, pGluR1, and GAD expression by
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comparison with the PILO group. Each circle represents one mouse.
N=14. VPA: mice received valproic acid (300 mg/kg) for 8 days and
pilocarpine; PILO: saline (0.9%) for 8 days and pilocarpine; GPS5:
5 mg/kg of geniposide for 8 days and pilocarpine; GP25: 25 mg/kg
of geniposide for 8 days and pilocarpine; GP50: 50 mg/kg of genipo-
side for 8 days and pilocarpine; ASP20: 20 mg/kg of asperuloside for
8 days and pilocarpine; ASP40: 40 mg/kg of asperuloside for 8 days
and pilocarpine

western blot. The results of western blot analysis can be seen
in Fig. 6 and Supplementary material 2.COX-2 expression
was analyzed by one-way ANOVA (F; ,3=3.002; p=0.0176)
followed by Dunnet’s test. The expression was increased in
the PILO mice compared to the SAL group (p =0.0040). A
reduction in COX-2 expression was observed in all treated
groups (Fig. 6a). GluN2B relative expression was analyzed
by one-way ANOVA (F} ;,=3.002; p=0.0058) followed by
Dunnet’s test. NMDA receptor was upregulated in the PILO
group, compared to the SAL group (p=0.0010). In GP- and
ASP-treated groups, we observed a decrease in GluN2B
expression after PILO injection (Fig. 6¢). The expression of
GADI and pGluR1 did not differ between groups (p=0.7842
and p=0.9669, respectively) (Fig. 6b and d).

The genotoxic potential of the treatments

The comet assay was used to assess the possible geno-
toxic effect of GP and ASP after PILO administration. The
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Fig.5 Effect of GP and ASP on the relative expression of TNF-a in
mice hippocampus after PILO injection. Each circle represents one
measure in duplicate. N=3-4. SAL: mice received only saline (0.9%);
VPA: mice received valproic acid (300 mg/kg) for 8 days and pilocar-
pine; PILO: saline for 8 days and pilocarpine; GP5: 5 mg/kg of geni-
poside for 8 days and pilocarpine; GP25: 25 mg/kg of geniposide for
8 days and pilocarpine; GP50: 50 mg/kg of geniposide for 8 days and
pilocarpine; ASP20: 20 mg/kg of asperuloside for 8 days and pilocar-
pine; ASP40: 40 mg/kg of asperuloside for 8 days and pilocarpine

data was analyzed by one-way ANOVA (F;,0=2.771;
p=0.0246) followed by Dunnet’s test. PILO did not sig-
nificantly increase the DNA damage compared to SAL
(p=0.4356) (Fig. 7). The groups previously treated with
VPA or GP (all doses) showed DF- and DI-like SAL and
PILO groups. DNA damage was observed in the ASP20 and
ASP40 when compared to the SAL group (p=0.0110 and
p=0.0139, respectively), suggesting a genotoxic effect of
this compound.

The mutagenic potential of the treatments

The micronucleus test showed that no group studied was
able to increase the micronucleus frequency in polychro-
matic erythrocytes (MNPCE) of bone marrow (Table 1).
The polychromatic erythrocytes/normochromatic erythro-
cytes (PCE/NCE) ratio was similar in all groups. Data were
analyzed by one-way ANOVA (Fj 4, =34.34; p=0.0001),
followed by Dunnet’s test. The only group that differed from
the SAL group was a positive control, in which the cells
were treated with cyclophosphamide (p =0.0001).

Discussion
This study aimed to evaluate the GP and ASP mechanism of

action after PILO-induced seizures in male mice. The results
demonstrated that GP and ASP did not block PILO-induced

SE. However, they were able to reduce the COX-2 and
GIluN2B receptor expression after seizure induction.

GP and ASP are iridoid compounds found in a variety of
plant species, mainly in the Rubiaceae family (Zhou et al.
2019b; Chan et al. 2020). Studies have shown that these
compounds exhibit a broad spectrum of pharmacological
effects, including neuroprotective, antidiabetic, hepatopro-
tective, anti-inflammatory, analgesic, and antidepressant
(Zhao et al. 2018; He et al. 2018; Chan et al. 2020; Shen
et al. 2020; Zhang et al. 2021; Wu et al. 2022). Thus, consid-
ering the protective profile previously demonstrated by GP
and ASP, the evaluation of possible mechanisms of action
becomes important, and it was the objective of this study.

Considering the lack of studies on ASP, we evaluated the
toxicity of this compound to determine which doses would be
used in the pharmacological investigation. So, the potential
acute oral toxicity of ASP was evaluated. Doses of 300 and
2000 mg/kg of ASP did not induce mortality in mice during
the 14 days of the experimental period, meaning that this
compound has no identified oral toxicity up to 2000 mg/kg.

GP and ASP were able to increase the latency for PILO-
induced seizures in mice (Fig. 4a), and GP (25 and 50 mg/
kg) and ASP (40 mg/kg) decreased the occurrence of score
3 seizures (Fig. 4b), suggesting some ability to alter the
threshold for clonic seizures. Several anticonvulsant drugs
delay the latency of the first seizure in rodent models, like
phenobarbital (Fleck et al. 2016), pregabalin (Lotarski et al.
2014), and levetiracetam (Oliveira et al. 2005). Likewise, in
a previous study, GP (10 and 20 mg/kg) was able to increase
the latency for electroshock-induced seizures in mice, prob-
ably through negative regulation of inflammatory pathways
(Wei et al. 2018).

The SE is characterized by continuous epileptic seizures
or rapid recurrence without a recovery period between
them. This state may have long-term consequences, includ-
ing neuronal death, neuronal injury, and altered neural net-
works (Trinka et al. 2015). In the present study, the SE
was determined by the observation of score 4-5 seizures
that continued for more than 5 min. Despite the reduc-
tion in the percentage of animals that reached SE, none of
the treatments were effective in significantly decreasing
the percentage of the score 4-5 seizures (Fig. 4c). These
results suggest that GP and ASP do not demonstrate a pro-
tective effect in relation to the main behavioral parameter
evaluated in the PILO model, which is the SE.

GP anti-inflammatory activity was evaluated in previ-
ous studies, which demonstrated its effectiveness in reg-
ulating inflammatory pathways. In a model of hypoxia/
reperfusion-induced blood-brain barrier impairment, GP
was able to regulate inflammatory mediators by reducing
pro-inflammatory cytokines (such as IL-6) in rat astrocyte
culture (Li et al. 2019). Similarly, ASP (20, 40, and 80 mg/
kg) exhibited anti-inflammatory activity in an LPS-induced
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Fig.6 Effect of GP and ASP a
treatment in PILO-induced
seizures in mice on a Cox-2
relative expression b GluN2B
relative expression; ¢ GAD1
relative expression and d
pGluR1 relative expression e
Representative bands of western
blot analysis. Values represent
means + SEM. Analyzed by
one-way ANOVA followed

by Dunnett’s test. Each circle
represents one measure in
duplicate. N=3-6. *p<0.05 in
comparison to the SAL group.
#p <0.05 in comparison to

the PILO group. SAL: mice
received only saline (0.9%);
VPA: mice received valproic
acid (300 mg/kg) for 8 days
and pilocarpine; PILO: saline
for 8 days and pilocarpine;
GP5: 5 mg/kg of geniposide for
8 days and pilocarpine; GP25:
25 mg/kg of geniposide for

8 days and pilocarpine; GP50:
50 mg/kg of geniposide for

8 days and pilocarpine; ASP20:
20 mg/kg of asperuloside for

8 days and pilocarpine; ASP40:
40 mg/kg of asperuloside for

8 days and pilocarpine
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inflammation model in mice, reducing the expression of
IL-1p and IL-6 and TNF-« in lung tissue (Qiu et al. 2016).

Due to the importance of neuroinflammatory mecha-
nisms in the onset and prolongation of epileptic seizures, it
is suggested that the anti-inflammatory properties of GP and
ASP can attenuate PILO-induced epileptic seizures in mice.
To contribute to the elucidation of the anti-inflammatory
mechanisms of GP and ASP, we evaluated TNF-a levels in
the hippocampus of mice after induction of epileptic sei-
zures (Fig. 5), however, no differences were found between
the groups. Besides, COX-2 expression was evaluated in
hippocampus samples (Fig. 6a). PILO increased COX-2
expression in mice hippocampus, a result already observed
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VPA
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GP25
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ASP20

in other studies (Lee et al. 2007; Youssef et al. 2020). COX-2
is rapidly induced in principal brain neurons in response to
injury or excessive neuronal activity, and its overexpression
is often associated with neurotoxicity and tissue injury in
acute conditions, including seizures (Takemiya et al. 2006).
VPA, GP, and ASP were capable to decrease COX-2 expres-
sion after seizure induction, suggesting that compounds can
affect inflammatory signaling.

To evaluate the involvement of the GABAergic system
in the GP and ASP mechanism of action, we evaluated the
expression of the enzyme GAD-1 by western blot (Fig. 6b).
GAD-1 is responsible for the decarboxylation of glutamate
in GABA (Buddhala et al. 2009). The inhibition of this
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Fig. 7 Peripheral blood comet assay in mice submitted to a PILO-
induced seizure model. Data expressed as mean+SEM. Damage
index (a) was ranging from O (completely undamaged, 100 cells X 0)
to 400 (with maximum damage 100x4). Damage frequency (b) was
calculated based on the number of cells with a tail versus those with
no tail. ¥p<0.05 in comparison to the SAL group. Each circle rep-
resents one measure in duplicate. N=3-6. SAL: mice received only
saline (0.9%); VPA: mice received valproic acid (300 mg/kg) for
8 days and pilocarpine; PILO: saline for 8 days and pilocarpine; GPS5:
5 mg/kg of geniposide for 8 days and pilocarpine; GP25: 25 mg/kg
of geniposide for 8 days and pilocarpine; GP50: 50 mg/kg of genipo-
side for 8 days and pilocarpine; ASP20: 20 mg/kg of asperuloside for
8 days and pilocarpine; ASP40: 40 mg/kg of asperuloside for 8 days
and pilocarpine

enzyme leads to a decrease in GABA concentration resulting
in an imbalanced glutamate/GABA ratio in the hippocam-
pus, which may lead to seizures and in the long-term, exci-
totoxicity and neurodegeneration (Salazar and Tapia 2015).
However, here no difference was detected in the expression
of GAD-1 in the hippocampus of mice treated with PILO.
This result is interesting, as some studies found a reduction
in GADI levels in the piriform cortex (Freichel et al. 2006)
and dentate gyrus (Esclapez and Houser 1993) after PILO
exposure. However, another study showed that pretreatment

Table 1 Evaluation of mutagenic activity of the different treatments
using micronucleus test in bone marrow

Treatment group MNPCE ?in 2000 PCE  Ratio PCE/NCE °
Mean+SD Mean +SD
SAL 20+1.8 1.9+0.5
PILO 25+0.5 2.2+0.9
VPA 23+0.8 1.9+0.7
GP5 25420 2.3+09
GP25 1.7+1.6 25+0.8
GP50 28+1.7 1.9+0.6
ASP20 22+19 1.7+0,3
ASP50 23+23 1.8+0.5
Cyclophosphamide®  21.3 £4.5 *## 1.7+0.8

N=3-6 animals per group. * MNPCE: micronucleus in polychromatic
erythrocytes. ® Ratio PCE/NCE: ratio polychromatic erythrocytes/
normochromatic erythrocytes. ¢ Positive control (single dose 40 mg/
kg, i.p.); N=3 animals; bone marrow was collected 1 h after the
injection). *** p <(0.001: significant difference in comparison with all
the other groups (ANOVA, Dunnet’s test)

with scopolamine (10 mg/kg) prevented decreases in GAD
activity induced by PILO in the hippocampus (Turski et al.
1986). Therefore, we suggest that the result observed could
be due to the pretreatment with scopolamine used in our
study, which could be investigated in future investigations.

Here, we evaluated the effect of GP and ASP on phospho-
rylating GLUR1 and GIuN2B receptor expression in hip-
pocampus samples (Fig. 6¢ and d). The results demonstrated
no difference between groups in the pGluR1 expression.
However, the GIuN2B receptor was overexpressed in the
PILO group, in line with the results reported by Dubey et al.
(2022). On the other hand, VPA, GP, and ASP treatments
were capable to decrease GIuN2B expression, suggesting
that the increase in the latency for score 3 seizures promoted
by these compounds is related, at least in part, to the increase
in the expression of GluN2B receptors.

It is possible that increased COX 2 and GluN2B expres-
sion may be related since there are several studies that relate
these two mediators (Stachowicz 2021). The NMDAR
upregulation increases neuronal COX-2 expression, while
prolonged stimulation leads to the inhibition of enzymatic
activity by suppression of arachidonic acid (Stark and Bazan
2011). In this way, the GP and ASP could modulate the
GluN2Brexpression and consequently decreasing the expres-
sion of COX2 and reducing the inflammatory process. In
fact, one study evaluated GP activity in rats subjected to an
ischemia model and observed that it could attenuate posti-
schemic LTP induction through NR2A-containing NMDARs
(Yao et al. 2021).

The genotoxic and mutagenic potentials are important
endpoints frequently assessed to evaluate the safety of new
drug candidates. As observed in previous studies (da Costa
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e Silva et al. 2018), in this study, PILO (a single dose, at
280 mg/kg) did not induce genotoxicity in the blood (Fig. 7).
However, DNA damage was observed in the ASP groups,
suggesting a genotoxic effect of this compound at the doses
tested. It has already been reported that some antiepileptic
drugs, such as topiramate and levetiracetam, can impair the
antioxidant defense system, which can trigger DNA dam-
age, while the same drugs produce a disease-modifying
effect with antioxidant potential in some epilepsy models
(Shishmanova-Doseva et al. 2021). The micronucleus test
is recommended by the US Food and Drug Administration
and is frequently used for evaluating the mutagenicity of
various types of substances (He and Xu 2022). Our results
showed that the incidence of MNPCE was similar in all
groups studied. It is important to emphasize that the mice
were killed 1 h after the PILO injection. Hence, PILO prob-
ably had no influence in the mice that received ASP and GP
since the formation of a new micronucleus needs a mitotic
division, which occurs in approximately 24 h (OECD 474,
2016). Thus, the results observed in those mice were due to
treatment with GP and ASP and both did not induce chromo-
somal breaks or mitotic spindle dysfunctions that would lead
to an increase of MNPCE in bone marrow, suggesting GP
and ASP are not mutagenic substances (Table 1). In addi-
tion, ASP did not cause mortality in the oral toxicity assay.
This is the first study showing ASP safety profile aspects.
ASP and GP were effective to alter score 3 after PILO
injection, but they were not able to prevent the establishment
of the SE. ASP and GP seem to have an anti-inflammatory
effect by decreasing COX-2 expression after seizure induc-
tion. Both GP and ASP were capable to decrease GluN2B
expression after seizure induction by PILO. However, there
were some limitations in our research, such as the small
number of animals used to carry out the Elisa and western
blot assays and the lack of control groups treated only with
GP and ASP. This is due to the attempt to reduce the number
of animals used in the study, considering the OECD princi-
ples for reducing the number of animals used in research. It
used the smallest number of animals that statistically would
give us a reliable answer, but with the death of some ani-
mals during the experimental process, our N became lower
than we would like, this should be taken into consideration
in future research. Further studies with the GP and ASP
are required to supplement the data obtained in this survey,
particularly as it relates to the safety of ASP administration.

Conclusion

The GP and ASP did not demonstrate a neuroprotective
profile in the PILO model since they did not block the SE.
These iridoid compounds have been shown to decrease the
COX-2 and GIuN2B receptor expression, suggesting that

@ Springer

they modulate an important component of the inflammatory
pathway, as well as a glutamate receptor subunit. In addition,
the GP did not induce toxicity in the comet assay, whereas
ASP at higher doses was shown to induce genotoxicity.
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